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EXECUTIVE SUMMARY

[. Summary of the Program

This report summarizes the research that was carried out under the Joint Services Electronics
Program at the Coordinated Sciences Laboratory, University of Illinois at Urbana-Champaign, dur-
ing the period April 1, 1987, through March 31, 1988. The current JSEP contract that began on
October 1, 1986, contains 22 work units (Unit 3 of the new contract was withdrawn and Unit 6
has been replaced by Unit 24). In all, there are 9 units in Physical Electronics, 2 units in Elec-
tromagnetics. 10 uaits in Info-mauon Electronics. and 1 discretionary unit used by the Director to
seed new projects. — —

As of October 1, 1987, a new unit (Unit 24) entitled "Electronic and Transport Properties of

_ Ultra-Low-Dimensional Structures” was added to the program as a replacement for Unit 6. Unit 6.

entitled "Optical Properties of MBE-Grown Structures,” was phased out from October 1. 1987, to
March 31, 1988, since Professor Morkoc became overcommitted and was no longer able 1o partici-
pate in this research. The Semor Investigators on Unit 24 are Professors Leburton, Ixolodze) and
Adesida. The objective of this new unit is to explore the potential of ultra-low-dimensional semi-
vonductor structures for electronic and optical device applications. This research represents a team
approach, with Professor Leburton providing theoretical expertise. Professor Adesida providing
experimental expertise. and Professor Kolodzey providing the skills in high-speed measurements.

After the death of Frofessor Thornton, Professor Mark Kushner joined the program to carry
on the work of Unit 9, "An Investigation of Plasma Chemistry Processes in Cylindrical Magnetron
Plasma Discharges.” Professor Kushner has assumed the responsibility for the supervision of the
graduate research assistants on this unit and is carrying out the research in accordance with the ori-
gnal objective.

Professor Jessy Grizzle has left the university and is no longer participating in the work of
Unit 20. However, three new faculty have been added: Professor Yoram Bresler has joined the
Digital Signal and Image Processing Group: Professor Wen-Mei Hwu has joined the Computer Sys-
tems Group: and Professor Bang-Sup Song has joined the VLSI Circuits Group. Although none of
these voung faculty is currently receiving direct support from the JSEP program. they are working
with the graduate students in the corresponding areas, and it is anticipated that thev will play
important roles in future JSEP work.

In general. work on all of the units not mentioned above has been proceeding on schedule and
according to the plans that were outlined in the original 3-year proposal. The progress on each of
these units is summarized in the body of this report.

During the second vear of this JSEP contract. all of the discretionary funds provided to the
Director under Unit 23 were allocated for equipment purchases for the new MBE facility (Epi-
Center) that has been established in CSL under a college-wide cooperative effort. This new facility
is described more fully under Unit 23.

After serving as the Acting Director of CSL from August 1986. Professor W. Kenneth Jenkins
was named Director in May 1987 and has undertaken the responsibility for managing the JSEP pro-
gram. During the last year. he has named a JSEP Advisory Committee to help establish direction
and policy for the JSEP-sponsored research. Professor Karl Hess and Professor Michael Pursiey are
serving as Technical Advisors for Physical Electronics and Information Electronics. respectivel:
Professor Timothy Trick. Head of the Electrical and Computer Engineering Department. is serving
as an Advisor-at-Large in order to integrate the interests of JSEP with the capabilities of the ECE
Depariment. It is anticipated that the JSEP Advisory Commitiee will be quite active next vear as
the tacult. in CSIL prepare for the next major proposal.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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II. JSEP Outstanding Accomplishments

£ of ol
P P

During the last vear three JSEP accomplishments stand out as particularly significant, each of
which is described brieflv below. These are: (1) a new CAD program called iSMILE for the
modeling and simulation of new microelectronic and optoelectronic devices and circuits: (2) a
first-time experimentally observed charge density wave (CDW) discommensuration domain struc-

Vi ture in the nearly commensurate phase of 1T—TaS,; and (3) new progress in achieving controlled
i) doping in MBE silicon. <. -

A e

| (1) Modeling and Simulation of New Microelectronic and Optoelectronic Devices and Cir-
o cuits with the iSMILE Program (Unit 7)

_:\ During the last few vears Professors S. M. Kang and T. N. Trick. with graduate students
o K Cioffi and A. T. Yang. have collaborated on the development of circuit models for High Elec-
NI iron Mobility Transistors (HEMT) under the JSEP sponsorship. Traditionally. the task of develop-

ing new circuit models has been time consuming. mainly due to the intensive line-by-line
modification of generic circuit simulators like SPICE or SLATE. As a result. the progress in
> computer-aided simulation of new microelectronic devices and circuits has been hampered by the
slow model development process.

A

Ve¥y
ShaS

Under the JSEP sponsorship, Professor Kang and his Research Assistant A. T. Yang initiated
the development of a new CAD tool, iSMILE (Illinois Simulator for Modeling of Integrated-circuit
Level Elements). This program was first tried by Dr. Cioffi, now at Rockwell International. for his
development of HEMT models. To i:SMILE, circuit models are described by using a simple input
file contzining model topology descriptions and element characteristic equations. The iSMILE pro-
gram then builds a circuit simulator based on circuit models shielding the user from the laborious
iine-by-line program modifications. Owing to this unique feature. the model development time is
reduced significantly from several months to a few weeks once the model developer has a clear
understanding of underlving device physics.

B YO8

\j Further development of the iSMILE program has been continued under the sponsorship of the
e Naticnal Science Foundation (NSF) Engineering Research Center for Compound Semiconductor
i:{' Microelectronics. iSMILE has been used to develop lossy transmission models. multiple quantum
i.:- ~ell laser dicde models, optical waveguide models, and photodetector circuit models in cooperation

with Professors J. J. Coleman. T. A. DeTemple, and G. E. Stillman. Using these models and HEMT
models. we have been able to simulate the speed performance of optical interconnect systems,
wiich would not have been possible in such a short time without iSMILE.

-

N,

L . - ‘ . . :
- The unique capability of the iSMILE program has been well recognized by industrv visitors

N and, at their request, we have ported the iSMILE program to industrial researchers at Hewlett

(O Packard. Our work on circuit modeling and simulation will be presented at the 1988 International

™. . . . .

Conference on Circuits and Systems and the 1988 International Conference on Computer Design.

® ; - P g

N Further details of our work will be published in professional journals.

0N [t was through the interdisciplinary team effort provided under the sponsorship of JSEP. NSF,

:::: and industry that enabled our development of new circuit models. as well as the novel CAD tool.

=l SMILE.

-

| (2) Scanning Tunneling Microscopy of the CDW Discommensuration Domain Structure in

v C g 4 1% X

A the Nearly Commensurate Phase of 1T—TaS, (Unit 8)

\ C’ ol . v -

o It has been known for some time from bulk NMR and XPS measurements that the nearlv

-:..- commensurate CDW phases exhibited by some of the lavered transition meta! Jdichalcogenides actu-

.\:: aliv consist of relatively small commensurate regions separated by CDW phase kinks or discom-

- mensurations (DCs). Their existence and microscopic domain structure have previously been

. p . P v 4
rredicted bv the Ginzburg Lardau approaches of McMillan and Nakanishi; hcwever. ne direct

e observation of the DC domain structure has been made until now.
'-j;:
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Recently. Professor Joe Lvding and one of his students. Mr. Stephen Skala. have been able to
use their new variable temperature STM (thermal drift < 1 3 /hour) to study the nearly commen-
surate phase of 1T—TaS,. Shown in Figure la is a representative STM image in which the larger
period CDW is superimposed against the sulfur rows of the atomic lattice. From images like this,
the commensurability of the CDW relative 1o the lattice can be studied. Shown in Figure 1b is
their proposed model for the DC structure for Figure 1a and for 1T—TaS, in general. The small
dots denote the sulfur atoms, the large dots are the CDW maxima. and the lines are the DCs
between commensurate regions. Here it is seen that the domains are rhombohedral with a charac-
teristic length of 60 A along e2ch edge. The bold line to the right of Figure 1b represents a DC
with a larger phase kinK than the other CCs. The observed domain structure is not the hexagonal
domain structure predicted by Nakanishi but one in which there are two equivalent CDW
wavevectors (parallel 1o the DC boundaries). while the third wavevector passes through more DCs
rer unit length. This model also vields the correct average orientation of the incommensurate
CDW wavevector relative to the lattice, as determined by bulk measurements.

(3) Controlled Doping in MBE Sit Chemistry at the Atomic Level (Unit 1)

Fabrication of modern microelectronic devices requires precise control of dopant concentra-
tions and depth distributions. Molecular beam epitaxy (MBE) is presently employed in many criti-
cal applications. such as the growth of superlaltices and modulation-doped structures. However,
most of the common dopants used in bulk Si wafers present serious problems during film growth
by MBE due to low incorporation probabilities and/or pronounced surface segregation giving rise to
uncontrolled prefiie broadening.

Under JSEP Unit 1. Professor Joe Greene has been investigating the use of low-energy (50-
500 eV') accelerated-ion doping during MBE Si growth. The experiments are carried out using new
ultrahigh-vacuum compatible low-energy ion sources, which were developed as part of the research
program. Sb. an important shallow donor in Si. and In, a deep acceptor, were chosen as model
dopant materials.

Thermal St, and In. obtained from standard effusion cells. have low incorporation probabili-
ties o in MBE Si. g, ranges from 10710107 at growth temperatures T, between 700 and 850 °C,
while o, is < 107" at T, > 550 °C. These dopants also exhibit severe surface segregation with, in
the case of Sb. sieady-state surface accumulations during growth of up to a full monolaver. This
not onlv gives rise 10 broad doping profiles but also limits the maximum usable dozping concentra-
tions. For example, obtaining Sb concentrations higher than =5x10"" = 10'® cm™ with thermal-
doping requires the use of extremely large Sb, fluxes, which results in the production of a high con-

centration of structural defects and a corresponding decrease in electron mobilities.

The University of Illinois Thin Film Physics Group is employing a combination of Auger elec-
tron spectroscopy (AES). low-energv and reflected high-energy electron diffraction (LEED and
RHEED). plan-view and cross-sectional transmission electron microscopy (TEM and XTEM).
secondaryv-ion mass spectrometry (SIMS), and temperature-dependent Hall measurements to inves-
ligate the growth, structure, dopant distribution, and electrical properties of Si films grown at T, =
800 °C with 150 eV Sb” and 200 eV In” dopant beams. Sb and In were found to incorporate. with
unity probability. into_substitutional, electrically active sites at concentrations up to at least
3x10""em™ and 1x10"¥ cm™, respectively. The films were essentially dislocation free with no
indication of residual ion-induced damage. Data show that carrier mobilities of Sb and In ion-
doped films are equal to the best reported values for bulk Si even at doping concentrations extend-
ing well above those attainable by thermal-beam MBE. In fact, the hole mobilities are the highest
ever reporied far In-doped Si. whether bulk or thin film. Doping proiiles in accelerated-beam
moduiation-doped structures were extremely abrupt. There was no indication from in situ AES
and RHEED analyses of significant dopant surface accumuiation during growth.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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b)

Universi

47 STM image of the nearlv commensurate phase of 1T—TaS, showing the orien-
tatien of the CDW (iarge period) relative 1o the atomic sulfur rows of the lattice.
b) Discommersuration model constructed from a- where the small dots are
atoms. large dots are CDW maxima. and the lines are disco™ ~:nsurations. The
bold line 1s & discommensuration having a larger phase kink.
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WORK UNIT NUMBER 1

s TITLE: Crystai Growth from the Vapor Phase and Controlled Doping of Equilibrium and Meta-
stable Semiconductor Allovs: lon-Surface Interactions

SENIOR INVESTIGATORS:
n
A : J E. Greene. Research Professor
ry D. Lubben. Research Associate
- Lo
N
N SCIENTIFIC PERSONNEL AND TITLES:
‘ -~ F. Adibi. Research Assistant
ﬁ - P Fons. Research Assistant
T B. Kramer, Research Assistant
a L. MarKert. Research Assistant
~ ;. D. Mcintyre, Research Assistant
‘; - D. Mei. Research Assistant
X J.-P. Noel. Research Assistant
o M.A. Ray, Research Assistant
1'. ~:I'
A
A
Y SCIENTIFIC OBJECTIVE:
The primary objective of this research program is 1o investigate energetic particle-surface
interactions that control the nucleation and growth kinetics. chemistry. and physical properties of
o allov semiconductors during vapor phase crystal growth by UHV ion beam sputtering and
. accelerated-beam molecular beam epitaxy. In both of these growth techniques, low energy 1on-

surface interactions allow an efficient coupling of kinetic energy to the growth surface upon con-
densation, thereby altering the surtace reactivity as well as adsorption and adatom diffusion kinet-

' _l ics allowing single crystal film growth at lower temperatures. much more precise control over
. dopant incorpeoration probabiiities and depth distributions, and the growth of unique metastable
¥ allovs. This work is being pursued {rom both an analytical and an experimental point of view in
) \ gP > P p
" I orger to establish a detailed understanding of fundamental film growth mechanisms.
NS
%
3 . SUNMDMARY OF RESEARCH:
s
“~ Incorporation Probabilities and Depth Distributions of Thermal and Accelerated Dopants in
.‘t " Semiconductors Grown by MBE
~ . . :
-~ 7 Most common n- and p-tvpe dopants used in bulk Si technology and many dopants used in
‘@ buik GaAs provide problems in MBE film growth due to either low dopant incorporation probabili-
S ties and-or high surface-segregation rates. The problem is especially’ acute in MBE Si. We have
AP attacked these problems on two fronts. (1) As discussed in the last two annual reports. we have
DA developed a general time-dependent model. which combines thermodyvnamic and Kinetic elements,
- for describing the incorporation of thermal dopants into films during deposition. (2) We have
- investigated the use of low-energy primary and secondary accelerated-ion doping during MBE
® growth tu demonstrate increa<es in ¢ by more than five orders of magn:tude. abrupt doping profiles
M c . . . T . . ) .
» with ne indication of segregaiion-induced broadening. and excellent eiectrical preperties. Primary-
'; Y 1on doping experiments were carried out using a new ion source that was designed and constructed
TN a~ par: of this research project.
:
o University of Illinois at Urbana-Champaign Coordinated Science Laboratory 1
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.+ dopant incorporation model accounts for dopant surface segregation and allows elemental
:n.orporation probabilities 0 and depth-dependent concentration profiles C(x.1) to be calculated as
a funcuion of experimental parameters such as film and dopant material. deposition rate, incident
dorant flux. film growth temperature, etc. Calculated profiles from arbitrarily complex doping
schedules for both thermal and accelerated dopants are in good agreement with experimental
results for depants in MBE Si. GaAs, and Ga;_ Al As. In addition. we have used the model to
predict critical temperatures for transitions in dopant segregation regimes, dopant-induced surface
structural phase transitions. and changes in dopant/surface reaction paths leading to large changes
in surface binding energies and hence incorporation probabilities. All of these effects have now
been observed experimentally. We have recently predicted that there should exist a narrow
growth-temperature range over which abrupt doping profiles can be obtained for Al. a p-tvpe
dopant which exhibits severe surface segregation. in MBE Si. Our preliminary experimental results
are in agreement showing, for the first time, abrupt modulation-doped Al profiles.

We have recentlv designed. constructed. and tested a second-generation single-grid optics,
electron impact. ultrahigh vacuum compatible, low-energy ion source capable of operation with
low vaper-pressure solid source material. The ion optics are well characterized, very reproducible,
and provice uniform beam profiles with current densities of up to 0.3 mA cm™ ~. The gun has been
operated for long periods of time at acceleration energies ranging from 50 e 1o 500 eV,

Lsing ion sources such as described above, we have investigated the incorporation of
acceierated-In. a deep level acceptor. and accelerated-Sb. a shallow donor. in MBE Si. The incor-
poration probability of thermal In in MBE S$i(100) is too low to be usable with 1 < 10 > for
nlm-growth temperatures T, > 550 °C . o, is also low and ranges from 107 10 107 for T,
berween 700 and 850 °C. Both dopants exhibit severe surface segregation with steady-state surface
accumulations during growth of up to a full monelayer. This not only gives rise to broad profiles
but alse limits the maximum usable doping concentrations to rather low values due 1o the necessity
of using extremely large dopant fluxes that result in the production of high concentrations of struc-
turai defacts and a correspending decrease in carrier mobilities.

We have carried out a detailed investigation of the incorporation of accelerated-In” in MBE
Sil100; using ion acceleration energies E, + of 50, 75, 100, 200, 300. 400. and 500 e\’ at growth
temperatures between 500 and 1050 °C. o, - was found to be unity for E; ;- 2 200 eV at growth
remperatures up to approximately 900 *C where bulk diffusion becomes appreciable giving rise 1o
surface segregation and hence dopant loss by desorption. Even at E;,- = 50 eV, 0.+ ranged from

2= (0.2 at 500 °C 10 2x107" at 1050 °C. increases of = 3 1o 5 orders of magnitude! Doping profiles in
modulation-doped structures were found to be abrupt. at ali acceleration energies. to within the
depth resolution of SIMS. Thermallv-stimulated desorption (TSD) and modulated-beam mass
spectrometry (MBMS) have been used in combination with an extension of our thermal dopant
incorporation model 1o understand the mechanisms associated with accelerated-dopant incorpora-
tien. Inital results cleariv show that the mechanisms are quite different for acceleratlon energies
above and below 200 e\ Structural and electronic properties of accelerated- In* doped films are
discussed in the next section. -

We have modeled thermal Sb incorporation in MBE Si based upon incorperation data and
de:ailec analvses of our TSD and MBMS data to determine Sh, dissociative chemisorption Kinetics
and surface binding energies and lifetimes a, 4 1unction of coverage and T,. The first experiments
>n accelerated-Sb~ doping have also been carried out with Egy+ = 50 and 150 e\ at T, between 500
and 250 °C. o, - was increased by up to three orders of magnitude and doping profiles in the
acizieratec-ShT dored Aims were found to be abrupt.

Electronic Properties of Accelerated-lon Doped MBE Si Films

A compination of (n vizw low-energy and reflected high energy electron diffraction {RHEED
snd LEED. plan-vizwn and cross-secticnal transmussion eleciron microscopy ( TEM and XTEM).
secondar-ion mass specirometry CSINMSE und temperature-dependent Hall measurements were
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used 10 investigate the structure. dopant distribution. and electrical properties of MBE Si(100)
ilms grown at 800 °C with either 200 eV In” or 150 eV Sb™ accelerated-dopant beams. The incor-
poration probabilities were found to be unity. A comparison between 1otal dopant concentrations
determined by calibrated SIMS measurements and dopant concentrations cbtained from Hall data
shows that both In and Sb were incorporated into substxtutxonal electrically active sites. The con-
centration ranges examined so far are 5x10 ¥ —2x10"® em™ for In. well above the equilibrium
solid-solubility limit, and 10 =3x10"° cm™ for Sb. more 1han an order of magnitude above the
highest values obtainable by thermal dopmg without introducing high structural defect concentra-
tions. In all cases. the films were found by TEM and XTEM analysis to be dislocation free with no
indication of residual ion-induced damage.

Carrier mobilities were found to be equal to. or higher than, the best reported values for bulk
Si. In fact. hole mobilities measured in In” -doped films were the highest ever reported for In-doped
Si and were much higher than mobilities for annealed In-implanted Si. Doping profiies in modu-
.ated structures were abrupt and in situ AES and RHEED analysis showed no indication of
significant dopant surface accumulations as were observed during the growth of thermally-doped
flms. Thus. under the present growth conditions, radiation-induced defects were annealed out at a
faster rate than they were produced resulting in no residual damage. We have. in addition. begun
10 investigate the parameter space over which damage-free material can be grown as well as the
nature of residual damage in films deposited under conditions outside this growth parameter win-
dow.

Effects of Low-Energy Ion/Surface Interactions on the Nucleation and Growth Kinetics of
Films Deposited from the Vapor Phase

The increasingly stringent requirements of sophisticated thin-film device and processing tech-
nclegies provide a strong impetus for obtaining better control over the microchemistry and micros-
iructvre of as-deposited layers as well as for devising lower-temperature growth techniques.
Low-energy ion irradiation of the substrate and film during deposition is presently being used by
laboratories across the world in a variety of beam and plasma-based film growth techniques in
order to provide an efficient coupling of kinetic energy to the growth surface to alter reactivity as
well as adsorption. adatom diffusion. nucleation. and growth kinetics.

Our group has been modeling low-energy ion/surface interaction effects that are common 1o a
veriety of growth techniques and has carried out some of the first definitive experiments under
weli-controlled ultrahigh vacuum environments to probe fundamental mechanisms. A few
nizhlights are described briefly below.

¢ We have demonstrated in experiments involving the deposition of both thermal In and
accelerated-In" on Si(100)2x1 surfaces that low-energy (50-300 eV) primary-ion deposition
changes not only the kinetics of nucleation but also the mechanism. That is. thermal In deposited
at T, € 150 °C grows by a Stranski-Krastanov mechanism to form quasi-one-dimensional wires
along [011] directions. Surface tension is extremely high leading to very low island coverage. In
fact. only about 7% of the Si surface is covered after the deposition of 200 monolayers' The use of
accelerated primary ions increases the nucleation density by several orders of magnitude, enhances
surface diffusivity. and leads to essentially complete coverage by 200 ML.

@ We have previously predicted that low-energy ion irradiation might lead to much higher
nucleation rates. as in the experiments described above, due to the production of preferential
adsorption sites provided by charged surface vacancy complexes and irapping. The kev feature
necessary te test these ideas was the development of techniques to measure preferential adsorption
znergies. We have recentlv done this for both Sb and In on Si(100) surfaces using TSD and MBMS,
The initiai results show not only the production of enhanced binding sites but that the nature of
“he sites changes at critical energies, = 200 e\’ for In".

® \We have also investigated mechanisms leading to ion-induced enhanced surface diffusion
during nucleation and film growth. For these experiments, In was deposited ic nominal thicknesses
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ranging from 1 to 10 nm on thin. electron-iransparent. Si;N\, substrates in a UHV svsiem and then
investigated by TEM. The use of accelerated condensing species resulted in larger average island
sizes (for a given nominal film thickness). more uniform island size distributions. and the suppres-
sion of secondary nucleation. We have proposed a model to explain these results in “vhich the pri-
mary =ffect of ion irradiation is to break up small clusters to form still smaller clusiers and ada-
toms which can diffuse much more rapidly on the surface to feed larger stable islands.

The loss of these small clusters (incipient islands) explains the decrease in the secondary
nucleation rate and leads to large changes in growth Kinetics. In the accelerated-beam case, island
growth continues to be dominated by surface diffusion to much higher nominal film thicknesses
than in thermal-beam deposits where coalescence of small islands at an early stage of growth leads
1o iess uniform island size distributions. Other effects associated with collision-cascade dynamics
are also important and have been shown by molecular dynamics simulations to be related to the
development of preferred orientation in polycrystalline films and may allow decreased epitaxial
temperatures. Such effects cannot. however, account for long-range "enhanced diffusion.”
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WORK UNIT NUMBER 2

TITLE: Studies of Transport Phenomena in Semiconductors

SENIOR INVESTIGATOR:

K. Hess, Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

I. C. Kizilvalli. Research Assistant
J. Higman. Research Assistant
S. Manion, Research Assistant

SCIENTIFIC OBJECTIVE:

This research involves the study of basic properties of semiconductors. semiconductor-
heterolavers. new device concepts, and device simulation. Both theoretical and experimental
methods are employed in each of these categories. We are examining a variety of hot electron
phenomena and their effects on present and future device performance. The experimental studies
concern mainly electronic transport in heterolayers ir high electric and high magnetic fields, while
the theoretical studies are based on Monte Carlo methods and. generally speaking. the use of large
computational resources.

SUMMARY OF RESEARCH:

Our research in the last year has centered on several new phenomena in heterolayer transport.
We have continued cur theoretical studies of the S-shaped current voitage characteristic in the
H ED heterolaver structure [1.2], and we have found a satisfactory analytical theory which
explains the switching mechanism and the parameter range (doping) fairly well. We have shown
that the mechanism by itself is extremely fast (subpicosecond range), although practical limitations
arise from resistance-capacitance consideration. A description is given also by Professor Coleman
who guided the experimental effort.

We have continued to investigate the use of heterolayer structures in problems related to
impact ionization and avalanche photodiodes. On the side of impact ionization over the band gap in
superlattices. we have found an analytical approach in cooperation with Brennan (Georgia Tech)
and Capasso (AT&T Bell Laboratories) [3]. The work with Chuang on ionization of electrons out
of heavily doped quantum wells has basically been completed and is summarized in [24].

A series of investigations has been devoted to the idea (Sakaki) of velocity modulated transis-
ters. These field effect transistors intend to capitalize on the fast transfer between the two hetero-
laver interfaces in a {quantum) well. One interface is assumed to be ideal, while the other inter-
face conains defects that lower the mobility considerably. Transferring the electrons from one
inter:ace ic the other then modulates the electron velocity and results in fast switching. We have
verified by NMonte Carleo simulations that this concept is essentially valid. However, there is a
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long-time component in the switching mechanism that still corresponds 10 approximately the
source-to-drain transit time and needs to be taken into account. Overall, however, these structures
dec promise extremely high speed [4.5.6].

Using high magnetic fields, we have been able to demonstrate clearly that real-space transfer
can be viewed as a transition from two- to three-dimensional behavior of an electron gas. A NER-
FET fabricated in the group of J. J. Coleman was immersed into liquid helium and subjected to a
magnetic field parallel to the interface. At low electric fields the magnetoresistance was negligible,
as expected. for a two-dimensional electron gas. while at high electric fields a considerable magne-
toresistance indicated the change of dimensionality to three [7]. More recent work has concentrated
on energy loss in degenerate quasi-two-dimensional systems [8].

INTERACTION AND/OR TECHNOLOGY TRANSFER:

The investigations in references [4.6] have been developed in cooperation with the U. S. Army
Electronics Technology and Devices Laboratory. Ft. Monmouth. The work described in reference
(3] has been performed in cooperation with Federico Capasso from AT&T.
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SCIENTIFIC OBJECTIVE:

The objective of this research unit is to contribute to our understanding of impurity incor-
poration mechanisms, sources, and defects and to improve our understanding of the influence of
growth conditions on impurities and defects in semiconductor materials that will be important for
new multiple-layer heterostructure devices. It includes developing new characterization techniques
that will extend the range of impurity concentrations over which quantitative analysis is possible.
These iechniques will lead to better control of high-purity growth and accurate doping levels in
epitaxial lavers grown by metalorganic chemical vapor deposition (MOCVD), molecular beam epi-
taxy (MBE), and chemical beam epitaxy (CBE) or gas source molecular beam epitaxy (GSMBE)
growth techniques that are most important for the preparation of multiple iayer heterostructures
for high-speed eiectronic and optoelectronic devices.

SUMMARY OF RESEARCH:

The capability of making low-temperature magneto-photoluminescence measurements using a
superconducting solenoid was established. using a one-meter. double-slit grating spectrometer. By
correlating photothermal ionization measurements with the magneto-photoluminescence measure-
ments on the same samples, the 1s—2p, and ls-2p-1 two-electron transitions of the neutral donor
bound excitons (D°.X), corresponding to the common donor species in GaAs, have been identified.

This technique has been extended to the identification of the residual donor species. Si. S and
Ge. in high-purity undoped p-type epitaxial GaAs, grown by metalorganic chemical vapor deposi-
tien and arsenic trichloride vapor phase techniques. using the magnetic splittings of “"two-electron”
repilcas o! donor-bound exciton transitions at low temperature (- 1.8K) and at a high magnetic
field 9.0 T). This technique permits identification of donors in certain high-purity p-tvpe GaAs
sampies that have sufficient neutral donor-bound exciton recombination but in which donor species
cannot be identified by photothermal ionization spectroscopy or any other technique.

Both the PTIS and MPL measurement techniques for identification of donors. as well as low-
temperature photoluminescence for the identification of acceptors. have been applied to the study
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of the incorporation of Si in high-purity lightly Si-doped GaAs grown simultaneously on (100).
) (311)A. and (311)B GaAs substrates by molecular beam epitaxy (MBE). Photothermal ionization
g speciroscopy shows that Si is incorporated predominantly as a donor for growth on (100) and

(311)B substrates. whereas low-temperature photoluminescence shows that Si is incorporated
predominantly as an acceptor for growth on (311)A substrates. Spectroscopic and Hall effect meas-

o urements show that the dominance of Si donors in the samples grown on the (100) and (311)B sub-
" straies renders these samples n-type. while the dominance of Si acceptors in the sample grown on
) the (311)A substrate renders that sample p-type. The behavior of Si can be understood in terms of

the bonding arrangement on the A and B surfaces, but the observation in these measurements that
% the C acceptor concentration is higher on the B face as compared with 100 orientation can only be

understood by considering the kinetic effects of the growth and impurity species on the different
. growth faces. Figure 1 shows the experimentally determined donor and acceptor incorporation
>~ behavior for the (100}, (311)B, and (311)A orientations in GaAs.

In characterization of high-purity epitaxial layers, it is often impossible to make Hall effert
measurements because the layer is fully depleted. We have used the well-known persistent photo-
) conductivity effect in GaAs to electrically characterize thin high-puritv GaAs, which is fully
! derleted at low temperatures due to increasing surface and interface depletion effects. At 4.2 K,

the sample is momentarily illuminated by above band gap light. This allows electrons to be ener-
: getically excited from the surface and interface states. thus forming a charge neutral region. After
s illumination. the effect of this photo-induced charge neutral region persists until, at moderately
high temperature. the sample relaxes back to the original state. Results of temperature-dependent
Hall measurements performed on samples under these conditions show that the sheet carrier con-
centration increases from that measured in the dark, but the mobility remains unchanged. Since
the mobilitv remains constant, this effect does not change the transport properties of the material.
The increase in the sheet carrier concentration results from the decrease of the depletion widths
i after illumination. Due to the increasing need for the analysis of thin, high-purity layers, such

measurements provide an important new method of judging the quality of layers when samples are

fullv depleted of carriers. The mobility of a high-purity ¥BE sample that becomes depleted of
Ly carriers at low temperatures was measured to be 180,000 cm™/Vsat 77 K by this method.
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15.1987. (AFOSR. ONR. NSF-DMR/NSF-CDR)

B Lee. N. Pan. and G E. Stiliman. "Neutron transmutation doping of high purity InP." J.
Arpl Phys vol 62. pp. 1129-1132, Aug. 1, 1987. (AFOSR/DARPA, NSF-CDR)

N\. Pan, S S. Bose. M. H. Kim. G. E. Stillman, F. Chambers. G. Devane, C. R. Ito, and M. Feng,
"Hvdrogen passivation of C acceptors in high purity GaAs," Appl. Phys. Lett., vol. 51, pp.
596-398, Aug. 24. 1987.  (NSF-DMR/NSF-ECS/SDIO-IST-ARO)

S. S Bose. B. Lee, M. H Kim, and G. E. Stillman, "Identification of residual donors in high
purity epitaxial GaAs by magneto-photoluminescence.” Appl. Phys. Lett., vol. 51, pp. 937-939,
Sept. 21, 1987. (DARPA-AFOSR.'NSF-CDR)

G. S Jackson. N. Pan. M. S. Feng, G. E. Stillman. N. Holonyak. Jr.. and R. D. Burnham, "Stripe
gecmetry Al Ga,_,As—GaAs quantum well lasers via hydrogenation." Appl. Phys. Lett.. vol.
51 pp. 1629-1631, Nov. 16, 1987. (NSF-CDR/NSF-DMR/ARO,SDIP/IST)

VoML Robbms S C. Smith. and G. E. Stililman. “Impact ionization in Al,Ga;_,As— for x=0.1
to 0.4" Appl Phys Lert vol. 52, pp. 296-298, Jan. 25. 1988.

M. A Plano. W E Plano, M. A. Haase, S. S. Bose. N. Holonvak, Jr.. and G. E. Stillman. "Gen-

eration of an anomalous hole trap in GaAs by As overpressure annealing." Appl. Phys. Lett..
vol. $2. pp. 1077-1079, Mar. 28, 1988. (NSF-CDR/NSF-DMR)
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WORK UNIT NUMBER 5

TITLE: Heterostructure Electronic Devices by Metalorganic Chemical Vapor Deposition
(MOCVD)

SENIOR INVESTIGATOR:

J. J. Coleman, Research Professor

ﬁ
:
i
i

SCIENTIFIC PERSONNEL AND TITLES:

M. A Emanuel. Research Assistant
M. E. Favaro. Research Assistant
T. K. Higman. Research Assistant

SCIENTIFIC OBJECTIVE:

The objective of this program is to extend to electronic devices the enormous impact that
metalorganic chemical vapor deposition (MOCVD), as a sophisticated epitaxial growth method. has
had on optical device research. This involves fundamental studies of the MOCVD process itself for
elecironic materials. studies of the electronic properties of heterostructure electronic materials. and
studies of devices made from these materials. Two specific areas of interest for this research are
(1) continuation of elecironic materials analvsis including deep-level transient spectroscopy
(DLTS) and Shubnikov-de Haas measurements of quantum well heterostructure and superlattice
structures. ancd (2) development of MOCVD-grown real-space transferred electron devices, the
Leterostructure hot electrc 1 diode (H°ED), and other electronic devices. a

SUMMARY OF RESEARCH:

In the past two vears. we have developed the heterostructure hot electron diode (H’ED). a
new two-terminal device that exhibits S-shaped negative differential resistance (NDR) due t0 a
feld-dependent transition between the current conduction modes of tunneling and thermionic emis- p
sicn of hot electrons in a two-laver AlGaAs-GaAs heterostructure. In the past vear, experimental
results obtained for various single period and multiple period H'ED structures fabricated from
wafers grown by metalorganic chemical vapor deposition (MOCVD) have been extended to
demonstration of significant NDR at room temperature and development of all-binary AlAs-GaAs
H ED devices. Commued investigations of the H"ED on nonoptimized structures have resulted in
room temperature test-fixture-limited oscillation at frequencies greater than 26 GHz. These results
indicate that. as reported previously. the H'ED should be capable of transit time-limited high-speed
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] performance. In the past vear, we have also continued our research on real-space transferred elec-
e, tron transpor: phenomena in negative resistance field effect transistors. In high magnetic field stu-
> .- . . - . ..

< dies. we have shown that real-space 'ransfer in these structures is associated with a transition of
g the twe-dimensional electron gas to a three-dimensional electron distribution at the onset of real-
:’,' space transier. We have recently begur a transport study of structures incorporating MOCVD-
AL ¢rywn migher mobility InGaAs strained layvers at the interface of negative resistance field effect
] LrinsIsiors.
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JSEP-SPONSORED PUBLICATIONS

S J. Manion. M. Artaki. M. A Emanuel, J. J. Coleman, and K. Hess, "Electron energy loss
rates in AlGaAs GaAs heterostructures at low temperatures.” Phys. Rev. B, vol. 35, p. 9203,
1987. (JSEP)

T K. Higman. J. M. Higman. M. A. Emanuel, K. Hess, and J. J. Coleman, "Theoretical and ex-
perimental analysis of the switching mechanism in heterostructure hot electron diodes.” J.
Appl Phvs.. vol. 62, p. 1495, 1987. (JSEP)

M. A Emanuel. T. K. Higman, J. M. Higman, J. M. Kclodzey. J. J. Coleman. and K. Hess,
“Theoretical and experimental investigations of the heterostructure hot electron diode, Solid
Seate Electron.. vol. 31, no. 3. 4. pp. 589-592, 1988; also. Proc. Fifth Int. Conf. on Hot Car-
riers in Semiconductors. Boston, 1987. (JSEP)

T K. Higman. S. J. Manion. I. C. Kizilyalli. M. A. Emanuel. K. Hess. and J. J. Coleman, "Ob-
servation of the transilion associated with real-space transfer of a 1wo-dimensional electron

gas 10 a three-dimensional electron distribution in semiconductor heterolavers." Phys. Rev. B,
voi. 36. p. 9381. 1987, (JSEP)
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WORK UNIT NUMBER 6

TITLE: Optical Properties of MBE~Grown Structures

SENIOR INVESTIGATOR:

A\ V. Klein, Research Professor
H. Morkoc. Research Professor

SCIENTIFIC PERSONNEL:

D. Levi. Research Assistant

SCIENTIFIC OBJECTIVE:

Objectives are twofold. The first is to characterize and understand the optical and vibrational
properties of novel semiconductor superlattices and multiple quantum wells. The second is to
study and understand the dynamics of photopumped carriers in quantum wells.

SUNMARY OF RESEARCH:

FEmpasis during the past year has been on broadenirg the parameters of our previcus work on
dvnamics of phetepumped carriers. Understanding the processes wherein the carriers lose their
energyv :s essential to understanding the action of [ast photoelectronic devices. These measurements
are carried out in the Laser Laboratory of the Materials Research Laboratory using two indepen-
dently -unable picosecond dve lasers. one 1o excite carriers and the other to measure the intersub-
band Raman scattering from the carriers. Through intensity measurements and other spectral
measurements, the populations of the carriers on the various subbands can be determined as a func-
uon of time. Earlier work established that we could measure and understand intersubband relaxa-
t:on bet'ween bands with low energy spacing. We have since been trying 10 measure the relaxation
between bands with greater spacing than the energy of an LO phonon, so far with no positive
resuits. We have also studied the relaxation between closely spaced subbands under conditions
when carriers are imtially given kinetic energy in excess of the LO phonon energy. There is a tem-
poral regime when population of low energy states of the second subband is enhanced by this pro-
cess. Imrphications of these results will bear further experimental and theoretical examination. The
latter is being done in collaboration with C. Stanton (Prof. Karl Hess's group).

JSEP-SPONSORED PUBLICATIONS

(17 D.Y.Oberit. D. R. Wake. M. V. Klein. J. Kiem. T. Henderson. and H. Morkoc. "Time-resolved
Raman scattering in GuAs guantum wells." Voo Rev. Lert.. vol. 59. pp. 696-699. 1987; also.
Proc. SPIE. +v0l. 793. 1987, pp. 55-61.  {NSF "AFOSR ' JSEP)

{27 D Lew: S-L. Zhang. M. V. Klein. J. Klem. and H. Morkoc. "Raman siudv of the effects of an-

neaiirg cn {oldec¢ LA and confined LO phonons in GaAs-AlAs superlattices.” Phvs. Rev. B. vol.
36, op. §032-5037. 1987 (NSF JSEP AFOSR DOE)
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(3] V K. Arora, D. S. L. Mui. and H. Morkoc. "Mobility degradation in a quantum well heteros-
tructure of GaAs. AlGaAs prototype.” Appl. Phys. Leti.. vol. 50. nc. 16. pp. 1080-1082, Apr.
20.1987. (JSEP/AFOSR)

N

(4] C Choi. N. Otsuka. G. Munns, R. Houdre, H. Morkoc, S. L. Zhang, D. Levi, and M. V. Klein.

\: "Effect of in situ and ex situ annealing on dislocations in GaAs on Si substrates,” Appl. Phys.
~ Lert., vol. 50, no. 15, pp. 992-994, Apr. 13, 1987. (AFOSR/JSEP/\SF)
(5] V. K. Arora, D S.L. Mui, and H. Morkoc. "High-field electron-drift velocity and temperature
~ in gallium phosphide," J. Appl. Phys.. vol. 61, no. 9, pp. 4703-4704, May 1.
1987. (JSEP/AFOSR)
;-f. (6] U K. Reddy. G. Ji. T. Henderson, H. Morkoc, and J. N. Schulman, "Investigation of
GaAs (Al.Ga)As multiple quantum wells by photoreflectance,” J. Appl. Phys.. vol. 62. no. 1.
- pp. 145-151, July 1, 1987. (JSEP/AFOSR)
- (7] R. Houdre. G. Munns. H. Morkoc. C. Choi, N. Otsuka, S. L. Zhang. D. Levi, and M. V. Klein.
_ "Dislocation reduction via annealing of GaAs grown on Si substrates,” SPIE, vol. 796, pp. 27-
e 31.1987. (AFOSR.JSEP/NSF)
’A.
[S] U. K Reddy.R. Houdre. G. Munns, G. Ji, H. Morkoe. M. Longerbone, L. Davis, B. P. Gu, and
e N. Otsuka. "Investigation of GaAs/(Al.Ga)As multiple quantum wells grown on Ge and Si
- substrates by molecular-beam epitaxy,” J. Appl. Phys., vol. 62, no. 12, pp. 4858-4862. Dec.
15.1987. (JSEP/AFOSR)
A
{9] U. K. Reddy. G. Ji. R. Houdre, H. Unlu, D. Huang, and H. Morko¢. "Study of GaAs/AlGaAs
and InGaAs/GaAs multiple quantum wells grown on non-polar substrates by
.. rhotoreflectance,” SPIE, vol. 794, pp. 116-120. 1987. (NASA/JSEP/AFOSR)
<
g {10] D. Y. Oberli, D. R. Wake, M. V. Klein, T. Henderson, and H. Morkoc, "Intersubband relaxation
of photoexcited hot carriers in quantum wells." Solid-State Electron.. vol. 31. no. 3/4.
! pp. 413-418.1988. (NSF/AFOSR/JSEP)

[11] Z. Shulin, T. A. Gant, M. Delaney, M. V. Klein, J. Klem. and H. Morkoc, "Resonant behavior
of GaAs LO phonons in a GaAs-AlAs superlattice.” Chinese Phys. Lett., vol. 5. no. 3, pp. 113-
116. 1988. (NSF JSEP/AFOSR)

e
.
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{12} M. V. Klein, T. A. Gant. D. Levi. and S.-L. Zhang, "Raman studies of phonons in
GaAs 'AlGaAs superlattices,” in Laser Optics of Condensed Matter. Proc. Third Binational
USA-USSR Svmp. Laser Optics of Condensed Matter, Leningrad. USSR, June 1-6, 1987, J. L.
Birman. H. Z. Cummins. and A. A. Kaplyanski, Eds. New York and London: Plenum Press.
1988, pp. 119-126. (NSF/JSEP/AFOSR)
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(13] D. Y. Oberli. D. R. Wake. and M. V. Klein. "Picosecond Raman and luminescence studies of
carrier relaxation in quantum wells," Laser Optics of Condensed Matter. Proc. Third Bination-
o al USA-U'SSR Svmp. Laser Optics of Condensed Matter, Leningrad. USSR, June 1-6, 1987. ). L.

Birman. H. Z. Cummins. and A. A. Kaplvanski, Eds. New York and London: Plenum Press.
. 1988, pp. 95-101. (NSF-JSEP AFOSR)
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WORK UNIT NUMBER 7

TITLE: Computer-Aided Design of High-Performance Integrated Circuits with Ultra-Small
Features

SENIOR INVESTIGATORS:

L. N. Hajj. Research Professor
S. M Kang. Research Associate Professor
V. B. Rao. Research Assistant Professor

SCIENTIFIC PERSONNEL AND TITLES:

D Smar:, Research Assistant
A.T. Yang. Research Assistant
T. K. Yu. Research Assistant

SCIENTIFIC OBJECTIVE:

The continuing evolution of integrated circuit processing technology toward ultra-small
feature sizes and new compound semiconductor materials and devices demands new computer-
aided design (CAD) tools and design methods. One of the basic issues is to develop efficient circuit
models for new devices such as the High-Electron Mobility Transistor (HEMT) and important
parasitics of interconnects in high-speed integrated circuits. With such models, integrated circuits
can be simulated accurately. During the last two years. we have developed HEMT models and a
time-domain circuit model for lossy transmission lines. Our next goal is to develop CAD tools for
evaluating the effects of statistical process variations on chip yvield. reliability, and design
verification of Ultra-’Very-Large Scale Integrated (U.VLSI) circuits. Novel parallel computation
algorithms and optimization in view of yield and reliability will also be investigated.

The main objectives of this research unit are:

(1)  to develop accelerated circuit simulation methods for U/VLSI circuits by exploiting hierar-

._:'; chv and parallelism: and

- (2) 1o develop rigorous design optimization techniques and programs for vield and reliability
’ . enhancement.
L2

-

P‘}‘,

:’, SUMMARY OF RESEARCH:

«g This past vear. the HEMT model and the lossy transmission line model have been fully imple-
L mented in the [llinois Simulator for Modeling of Integrated-circuit Level Elements (iSMILE) pro-
e gram. HEMT circuits can now be simulated accurately including the parasitic effects of up to three
-:::- raraliel interconnects without resorting to the indirect. frequency-domain methods. Afier expleit-
; ing the unique capability of the iSMILE program. especially for developing new circuit models for
S new novel devices. we have technologv-transferred the iSMILE program to the optical interconnect
A project ({\SF Engineering Research Center) for the development of circuit models for optical
" scurces, photodetecters. and optical waveguides. iSMILE can now be used to simulate HEMT
o crioelecironic circuits.

‘
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In the area of CAD taols for enhancement of circuit performance. we have developed a
hierarchical design aid system iJADE (5] for optimizing high-verformance CMOS VLSI circuits. It
has four novel features. First. it combines analytic tools with a rule-based expert system to take
advantage of timely on-line information to administer rules and to verify actions. Secondly. the
program can detect latches, trace clock paths, accurately simulate voltage waveforms in the circuit,
and tune synchronous circuits to satisfy the clock timing constraints [24]. Furthermore, a func-
tional pattern recognition ability is implemented in the rule-based expert system. Finally, the pro-
gram uses a hierarchical approach that saves a considerable amount of memory space and also
speeds up calculations. especially for large circuits.

The input to the iJADE system is a SPICE-like transistor level description of the circuit along
with interconnect resistances and capacitances. A hierarchical frame data base is constructed
according to the hierarchy of the circuit description. The program begins by detecting the worst-
case critical paths using a timing simulator JADE [23]. The algorithms for delay reduction and the
rules are then applied to optimize the timing in the circuit. The entire circuit is then re-simulated
to check whether further optimization is necessary. This process is repeated until either the design
meets the timing specifications or the design cannot be improved further. Since the execution time
is slow for an expert system, an algorithmic-based approach is used to speed up the execution,
whenever possible, while special cases are handled by the rule-based expert sysiem. The main
function of the delay reduction algorithms and the rule-based expert system is to speed up the crit-
ical paths by tuning the transistors in slow blocks and/or subcircuits while satisfying other con-
straints. The iJADE svstem is written in Franz LISP and runs on 2 VAX-11,/780 machine with the
UNIX operating system.

Experimental results on a 4-bit CMOS ALU with 142 transistors show that the circuit optim-
ized by 1JADE performed better than the design manually sized in industry. The propagation delay
times as determined by the falling edge of the waveforms were found to be smaller in the iJADE-
sized circuit conﬁguratiozn. The active area used in the iJADE-sized circuit is only 1750 pm’ as
compared with 3118 um” in the industry -sized circuit.

Several other circuits have been optimized by running iJADE. The above results show that
t1JADE performs CMOS circuit optimization competitively or sometimes even better than conven-
rional approaches in terms of glitch avoidance, propagation delay time. and chip area. The overall
execution time appears to grow linearly with the number of iransistors.

As the feature sizes of Very-Large-Scale-Integrated (VLSI) circuits continue to decrease, the
timing performance of a design cannot be estimated accurately without introducing the signal delay
due to interconnect parasitics. Modeling interconnect parasitics directly from a circuit lavout is
therefore very crucial. To this end we have focussed our research in the following areas: (1) inter-
connect modeling, (2) hierarchical parasitic circuit extraction. and (3) collapsing technique for
interconnects. In the modeling area we have developed FEMRC [25] as a two-dimensional, finite-
element program which computes the resistance or capacitance from the user-specified geometry.
Since the equation formulation for FEMRC is based on a finite-element method. there is no shape
restriction on dielectric interfaces or conductor geometries. In resistance calculation, a quasi-
three-dimensional effect of contact resistance is also taken into account. We have also developed a
program HPEX [26] that is a hierarchical parasitic circuit extractor that takes the CIF lavout
description as an input and generates a SPICE input with different details of interconnect parasitics.
In this extractor, analvtical formulas fitted from numerical data are used to model interconnect
parasitics of VLSI circuits in order to compromise between the accuracy and the computation time.
Simuiations show that by carefully fitting data. analytical formulas can be very accurate. espe-
a1ally when the interconnect region is fairly regular. A lavout partition technique. which facili-
tates the interconnect modeling, is also implemented in HPEX. Finally. a new node reduction tech-
nique {27] that accuratelv reduces parasitic RC networks has been ceveloped. This technique is
carable of reducing a large volume of interconnect data into a manageable size. therebyv substan-
tially reducing the effort needed in verification.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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To simulate the effect of statistical process variations without excessive amount of CPU time.
we have developed a non-nested experimental design method. In this method. we model the statist-
ical circuit performance as a function of transistor channel widths and a noise parameter and select
the simulation points in the design space by an experimental design method. The fitted perfor-
mance model was then used to optimize the worst-case performance function and the squared-error
loss function. Compared with Tagushi's method. which is practiced widely, our non-nested experi-
mental design method reduces the required number of circuit simulations by more than 50%.

In our research work on parallel circuit simulation. we have studied waveform relaxation
(WR) and focused on 4 different parallel WR algorithms, which utilize the natural parallelism of
WR to reduce the run time of a circuit simulation when the simulation is run on parallel proces-
sors. Each of the algorithms uses either the Gauss-Seidel (GS) or Gauss-Jacobi (GJ) relaxation
method in combination with either the full window technique (FWT) or the time point pipelining
(TPP) technique for the coordination of paraliel tasks [28].

We have recently obtained a theoretical result that states that paraliel GJ is faster than paral-
lel GS if the number of processors is sufficiently large. when these relaxation methods are applied to
the solution of a class of linear algebraic problems that arise at each time point in the simulation of
MOS integrated circuits [29]. Our experimental results using GS and GJ in waveform relaxation
support the same conclusion: that if the number of processors is large enough. GJ is faster than GS.

- l."

4 %

e
Fd.
v,

o During the past vear we have implemented the TPP algorithm in a parallel WR program.
' [ike our previously developed FWT program, this program runs on an Alliant FX/8 multiproces-
sor using up to 8 processors. Performance measurements [30] of these programs demonstrate that
GJ-TPP is the fastest of the algorithms on 8 processors for the smaller of our benchmark circuits.
For the larger benchmark circuits which approach 1000 nodes, the extra parallelism of GH-TPP is
not beneficial on 8 processors because the processors are already nearly fully utilized by GJ-FWT.
Estimates of the potertial performance of the different algorithms obtained with our PARASITE
parallel simulation time estimator show that GH-TPP offers the greatest potential performance of
the different methods for all the circuits when the number of processors is large enough. and that
speedups of about 1 order of magnitude should be possible for 1000-node circuits on 32 processors.

[
)

Since different algorithms produce the fastest results in different situations, we have
developed a presimulation selection procedure to select the fastest of the 4 algorithms prior to
simulating a given circuit on a given number of processors. The choice between the different
methods is based on a computationally inexpensive analysis of the subcircuit interconnection struc-
ture and subcircuit sizes.

Time latencv (when a subcircuit is in a dc steady state) and iteration latency (when a
SCircuil’s inputs match the previous iteration) can be exploited to reduce the number of compu-
tations in WR. However, the degree of parallelism is also reduced when latency is exploited. We
are currently implementing latency exploitation in our parallel WR programs to measure its impact
~ multiprocessor speecup.
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J. L. Krvsl and S§. M. Kang. "The melastability properties and optimization of CMOS
memory devices.” Proc. European Conf. on Circuit Theory and Design. Sept. 1987, pp. 759-
763. (JSEP'SRC)

S. M. Kang. "Metal-metal matrix (M®) for high-speed MOS VLSI layout." IEEE Trans.
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Proc. Int Conf. on Computer-Aided Design, Santa Clara, CA. Nov. 1987, pp. 102-
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M. Y. Wu and [. N. Hajj, "Modified sequential CMOS circuit design.”" Proc. Int. Conf. on
Computer-Aided Design, Santa Clara, CA. Nov. 1987, pp. 460-463. (JSEP)

T. K. Yu, S. M. Kang, I. N. Hajj, and T. N. Trick. “Statistical performance modeling and
parametric yield estimation of MOS VLSL" [EEE Trans. Comput. Aided Des., vol. CAD-6,
no. 6, pp. 1013-1022, Nov. 1987. (JSEP/SRC)

I. N. Hajj, G. DeMicheli, and H. Hsieh. "Decomposition techniques for large-scale circuit
simulation,” in Circuit Analysis, Simulation and Design, North-Holland Publishing Co.. A
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WORK UNIT NUMBER 24

TITLE: Electronic and Transport Properties of Ultra-Low-Dimensional Structures
(no previous unit)

SENIOR INVESTIGATORS:

J. P. Leburton, Research Associate Professor
I. Adesida. Research Assistant Professor

;:: J. Kolodzey. Research Assistant Professor
AU

Ej SCIENTIFIC PERSONNEL AND TITLES:

S. Boor. Research Assistant
o D. Jovanovich, Research Assistant
A. Ketterson, Research Assistant

»

SCIENTIFIC OBJECTIVE:

This unit work explores the potential of ultra-low-dimensional semiconductor structures for
electronic and optical device applications. The emphasis is placed on fast transient and the research
is concerned with the conception. design, and investigation of nonconventional devices characterized
by extreme quantization of the electronic system.

3

S Y
.

4

Our method involves an integrated theoretical and experimental approach including various

s
e technological components from material growth. processing, and testing to numerical simulation of
- nanostructures. In addition. we are conducting a fundamental investigation of new physical effects
in ultra-low-dimensional systems.
S
SUMMARY OF RESEARCH:
.
Su Novel FET-Device Configuration and New Injection Mechanism
We have conceived a new device configuration for modulation doping structures and proposed
o a new tunnel injection mechanism into the channel of FET devices [4.5]. This novel configuration is

. >

a generic structure that combines a MODFET with a tunnel junction and can be modified for vari-
ous device purposes. We have proposed two new three-terminal devices--the BITFET and the
TIFET--that operate with tunnel injection through the homojunction and capitalize on the
occurrence of negative differential resistance (NDR) and its modulation by the gate field. Abrupt
NDR transitions and- large peak-to-valley ratio are anticipated. Theoretical estimates of the
relevant time constants indicate frequency operation in the 100 GHz range.

- Modulation-doped compound semiconductor layers of two material systems. AlGaAs GaAs
and InAlAs InGaAs/Inp. have been grown by MBE and processed into active tunnel structures. A
mask set for the TIFET has been designed and made using electron beam lithography.

A patent disclosure form has been filed for the discovery of the new devices.
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Investigation of Quasi-One Dimensional Structures

Nanostructure Fabrication and Device Processing

AlGaAs/GaAs and InAlAs/InGaAs/InP modulation-doped structures for quantum-wire dev-
ices have been grown by MBE in collaboration with AT&T Bell Laboratories, Murray Hill. Using
Nomarski's interference contrast microscopy. the surface morphology of the layers have revealed
an oval defect density of only 740/cm2 for AlGaAs/GaAs materials. We have started with the
fabrication of the ultra-small structures on the Cambridge EBMF 6.5 lithography system (at the
Center for Compound Semiconductor Microelectronics), using the PMMA/P(MMA-MAA) mul-
tilaver resist approach. The Cambridge system is capable of a maximum accelerating beam energy
of 30 keV with a beam diameter of ~ 70 nm. To date., we have realized isolated metals with line
width of ~ 100 nm and metal gratings with the same line width dimensions at 400 nm periodicity.
Figure 1 shows these metals (50 nm Ti’100 nm Au) gratings fabricated on GaAs.

Current efforts are directed toward the realization of grating structures with smaller periodi-
city. However. it is our estimation that the results achieved so far are perhaps very close to the
best that can be realized with the Cambridge System given its characteristics. We have recently
ordered a Cambridge S360 scanning electron microscope (40 keV beam energy and 5 nm beam
diameter) that will be used as a lithography system to realize structures down to ~ 20 nm dimen-
sions.

Major efforts have been expended in setting up the processing methodologies in our laboratory
for GaAs and modulation-doped systems. Using these techniques along with electron beam lithog-
raphy. we have fabricated GaAs FETs and modulation-doped FET's. Figure 2 shows a ~ 150 nm
recessed gate GaAs FET. Transconductance as high as 420 mS'mm with an f_,, of 43 GHz have
been obtained on these devices. For high frequency measurement, a cascade microwave probe sta-
tion has been modified to operate over wide range of temperature from 300 K down to 77 K.

Transport Simulation of Quantum-Wire Structures

We have investigated the transport properties of multi-subband quasi-one dimensional sys-
tems by a particle Monte Carlo simulation and found that the transport parameters are a sensitive
function of the confinement conditions. For optimum confinement. the 1-D carrier mobility is over
twice the bulk value at room temperature. We attribute this excess value 10 the reduction of the
phase-space that enhances the average carrier velocity.

We have also investigated Resonant Inter-Subband (polar) Optic Phonon Scattering (RISOPS).
which is the analog effect of magneto-phonon in magnetic field. RISOPS is. however, more general
than its magnetotransport analog since it occurs with anisotropic v-z confining potential that
results in nondegenerate unequally spaced 1-D energy levels. Under RISOPS conditions, we have
observed significant population-inversion between the second and third quantum level.

INTERACTION AND/OR TECHNOLOGY TRANSFER

A olid collaborative effort on the MBE growth of modulation-doped siructures for low
Jdimensional transport has been established with A. Y.. Cho. R. Fisher. and D. Sivco at AT&T Bell
Laboratories, Murray Hill, NJ.
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Fig. 1. 100 nm metal grating line with a pitch of 400 nm on GaAs.
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Fig. 2. 150 nm recessed gate GaAs field effect transistor.
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WORK UNIT NUMBER 8
TITLE: Collective Electronic Transport in Quasi One-Dimensional Systems

SENIOR INVESTIGATORS:

J. R. Tucker. Research Professor
J. W. Lyding. Research Assistant Professor

SCIENTIFIC PERSONNEL AND TITLES:

W. G. Lvons, Research Assistant

SCIENTIFIC OBJECTIVE:

The goal of this research is to understand the basic mechanism of charge density wave (CDW)
transport in the linear chain conductors NbSe,, TaS;. (TaSe,),l. K;;M00;. and related compounds.
The motion of CDWs in these materials represents the only known example of electric current flow
by a moving quantum ground state, apart from superconductivity. The response of CDWs 1o
applied electric fields is nonlinear in both field and frequency, and novel electronic devices may
become possible if the basic properties of these systems can be understood. An extensive experi-
mental and theoretical effort is conducted in our laboratory to characterize the dynamics of CDW
moticn and to test theoretical predictions.

SUMMARY OF RESEARCH:

The past year has seen enormous progress in our understanding, to the point where we would
now tentatively claim to have achieved a complete solution to the problem of CDW dynamics.
This work has its origins in the diverse experimental findings we have obtained over the past two
vears and represents a total break with our previous theoretical ideas.

CDWs experience a periodic pinning potential due to impurities and defects as they move
along. since displacement by an integral number of wavelengths produces an identical
configuration. The deformable phase-only model of weak pinning. proposed by Bell Laboratories’
thecrists several vears ago (6], predicts that this periodic pinning potential should vanish at high
electric fields where the average drift frequency wy = d¢/dt exceeds the dielectric relaxation fre-
quency w,. Our systematic experimental studies (1.2,4.7,8] of the current oscillations accompany-
ing dc CDW motion, and the resulting ac-dc interference effects with an external ac potential, cul-
minated last vear in a clear demonstration [9] that all the basic predictions of the Sneddon. Cross,
and Fisher [6] model are fundamentally incorrect. This was a very important result, since it
overthrew the theoretical model which had long served as the paradigm for most workers in this
fleid.

While our former collaborators, John Bardeen and R. E. Thorne. took this as conclusive proof
of Bardeen's quantum tunneling hypothesis. we began to consider another possible explanation.
Streng impurity pinning, in which the CDW phase is pinned to a particular optimal value at each
impurity site. had long ago been dismissed on the basis that phase correlation was known to exist
over wolumes much larger than the average n;_1 associated with each impurity. We were able 10
show. _hcwever. that for tvpical dilute impurity concentrations n, £ 1000ppm. the average CDW
phase o(r’ will indeed remain correlated over large volumes. with very tiny regions of rapid phase
interpolation between ¢ and the pinned value &, surrounding each impurity site. The resulting
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i theoretical model that we have constructed [5] on the basis of Ginzburg-Landau arguments turns

out 1o be particularly simple. The average pinning frequency is directly determined by the average
- spacing between impurities along the conducting chains. Because dc CDW motion must involve
' phase-slip at the impurity sites, the pinning potential persists to arbitrary drift frequencies and the

threshold electric fields can be calculated in terms of the Peierls energy gap. Quantitative estimates
are easily extracted for virtually every measured property. and all of these are found to be in
excellent agreement with experiment. A number of unique properties of the model are also found
. 1o explain outstanding mysteries. for which not even a qualitative interpretation had previously
been possible.

At the present time. we are immersed in the interpretation of experimental data across the

-\ widest possible spectrum. including NMR, broad-band noise, specific heats, far-infrared and mil-

irmeter wave data. and much more. The range of our success thus far is so far bevond what we
couid have imagined six months ago that we are tempted to declare victory, although much remains
«::: tc be done over the next one 10 two years.

Our previous working theoretical hypothesis. that CDW acceleration represents some kind of
= macroscopic quantum tunneling analogous to Zener breakdown, has been found after several years
';} tc be incorrect, in our opinion. Professor Bardeen has chosen to dissociate himself from our group,

since he vehemently disagrees.
K A development related to this research program is the successful construction of a new scan-
» ning tunneling microscope by one of us (JWL) under NSF funding through the Materials Research
Laboratory. The design of this instrument is doubly revolutionary: (1) it needs no vibration isola-
tion and can thus be placed in experimental environments that were previously impossible for
s STM. and (2) it is fully temperature-variable, with a thermal drift s_l.sp'hour so small that

detailed spectroscopy of individual adsorbates on surfaces is now feasible, for example. The fol-
lowing figure illustrates these remarkable capabilities in images of the 2D CDW material 1T—TaS,.
'. The large-scale images show the regular array due to the CDW charge modulation, while in the

smaller scale images one can see the individual atoms underneath. We intend to exploit the unique
properties of this new STM in our future JSEP research. T

o .
Pl | . -
. f . 1T I'QS2

A
o
>
N
s
3¢ A
. S0 x 50 Angstroms 100 x 100 Angstroms
s
-.'
! Pl Swanning tunneling microscope (STM) images of the chargs dersitv wave (CDW) struc-

“ure :n the 2-dimensional layer compound 1T—TaS.. at two different temperatures.
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WORK UNIT NUMBER 9

TITLE:  An Investigation of Plasma and Chemistry Processes in Cylindrical Magnetron
Plasma Discharges

SENIOR INVESTIGATORS:

M. J. Kushner. Assistant Professor
J. A. Thornton (Deceased), Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

G Y. Yeom, Research Assistant
M. J. McCaughey. Research Assistant

SCIENTIFIC OBJECTIVE:

The objective of this program is to investigale fundamental plasma and chemistry processes in
radic frequency (rf) magnetron discharges as applied 10 plasma etching and deposition of electronic
materials. This type of discharge has the potential to reduce damage by ion impact and radiation
during processing while maintaining high etching or deposition rates.

This research program has the following specific objectives:

(1) To investigate the basic plasma behavior of rf driven cylindrical magnetron discharges and to
assess the delivery of activation energy from the plasma to processing surfaces.

(2) To examine the plasma chemistry of low pressure rf-driven magnetron etching plasmas using
CH4-H2 and CF4-02 gas mixtures.

(3) To investigate magnetron reactive ion etching of Si with particular emphasis on the damage
mechanisms and on the basic surface chemistry that establishes selectivity and anisotropic
etching.

(4) To assess the applicability of these discharges to plasma deposition.

SUMMARY OF RESEARCH:

Our research activities are progressing according to the program plan and the statement of
work in the originai proposal. We anticipate no change in the program objectives.

The construction and characterization of the experimental apparatus have been completed. and
we are now collecting data toward satisfying our research goals. The experimental apparatus is a
plasma discharge chamber having a cylindrical central electrode, which may be of user selected
diameter. and a cvlindrical housing that serves as the outer electrode. Standard high vacuum sys-
tems are used for gas supply and exhaust. The discharge is excited by either dc or rf (1.8 MHz,
13.56 NMHz) power supplies and is sustained in a dc magnetic field generated by external coils. The
magnetic field (0-250"Gauss) is uniform to within 15% throughout the discharge chamber. The fol-
jowing diagnostics are being utilized in this study: (1) electrostatic probe measurements of the
rlasma and floating potentials. plasma density. and electron temperature; (2) retarding grid elec-
trostatic analvzer 1o measure ion energies incident on surfaces: (3) optical emission spectroscopy to
assess the rate of eleciron impact excitation; and (4) mass spectroscopy of the species produced in
the plasma.

Significant progress has been made toward characterizing rf cylindrical magnetron discharges
fCMD's . We nave found that rf CMD's do not, in general, obey the same current-voltage relation-
ships. as d¢ de magnetron discharges. and appear more resistive. Magnetron discharges are usually
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h racterized by 1~ V', and rf CMD’s generally have lower n. By measuring the plasma potential

istribution 1n the plasma using electrical probes, we have determined that IhlS behavior results
rom the discharge losing its abllny to confine electrons in the magnetron "trap” on the anodic par:
t the cycle. In fact, the discharge may not be self-sustaining during the anodic half cycles. In spite
of these conditions. though. rf CMD's still maintain the highly desirable feature of developing a
low dc self bias on the electrodes and. therefore, will not be as damaging to electronic material
being processed as conventional rf diode discharges.

»—50 L8}

o

O

Electrical probe measurements of plasma density have been performed as a function of posi-
tien in the discharge chamber, rf power. and applied magnetic field to determine the manner of
power deposition. As expected. we found that the plasma density increases with increasing mag-
netic fleld. an indication of more efficient electron trapping. We also found that the spatial distribu-
tion of plasma density shifts toward the inner electrode with increasing magnetic field. These
resuits correlate with our observations of lower dc self bias at higher magnetic fields and indicate
fewer highlv energetic electirons.

Studies are presently in progress to assess the applicability of rf CMD’s to etching electronic
materials. We have begun to parameterize etching rates and the selectivity of etching Si vs SiO2.
We have obtained high etch rates (1000's A/min) and found that the selectivity of the etch is a
function of the Applxe.‘ magnetic field: higher selectivity is obtained with higher magnetic fields.
()ptical emission spectroscopy has been performed to determine the relative rates of excitation and
fragmentation and. perhaps. ic determine the cause for the change in selectivity. We have found
that the {raction of CF./F is a strong function of magnetic field, with the ratio increasing with
increasing fleld a-. constant power deposition. Since the selectivity of etching is dependent on the
C F ratio of radicals in the plasma, this change in dominant plasma species may explain our

otserved changes in selectivity.
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M J Kushner. "A phenomenological model for surface deposition kinetics during plasma and
sputier deposition of amorphous hvdrogenated silicon,” J. Appl. Phys.. vol. 62, p. 4763,
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37\ J Kushner. "A model for the discharge kinetics during PECVD of amorphous silicon." to be
pubklisned in J Appl. Phys.  (ARO)
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WORK UNIT NUMBER 10

TITLE: Excited State Chemistry in Gases

SENIOR INVESTIGATORS:

J. G. Eden. Research Professor
J. T. Verdeven. Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

C C. Abele. Research Assistant
C. J. Kielv. Postdoctoral Research Associate
I.. Overzet, Research Assistant

SCIENTIFIC OBJECTIVE:

Excited states and/or free radicals, produced by a gas discharge or an intense laser beam, play
a critical role in the etching and deposition of semiconductor material. One case, dry processing
with plasmas. has become the "standard” industrial tool, and much of the imaginations involving
laser interactions are beginning to bear fruit. Inasmuch as these sources of radicals and excited
states produce an environment that is far from that described by equilibrium thermodynamics. one
can expect unique, puzzling. and vet most interesting processes resulting from the use of these tech-
niques. Our goals have been and continue to be the understanding of the complex processes respon-
sible for those actions and a development of a scientific model that quantifies the interaction
between the source (electrons or photons). the donor gas. and the semiconductor surface. We will
continue the basic study of the Kinetic processes occurring in these environments, but we also plan
10 combine the two technologies.

To gain further insight into these complex processes. a specific target for this next period is to
combine the discharge, with its ability to produce copious quantities of free radicals in almost any-
thing rather easiiv. with the laser, which has the advantage of energy selectivity and directionality.

SUMMARY OF RESEARCH:
Plasma Processing Discharges

A major thrust of this work has been on the physics of discharges used for the deposition of
materials {amorphous silicon) or for the e'cning of the common semiconductors. We had found
that the simple expedient of modulating the rf excitation of the gases with a iow audic frequency
square wave (10 Hz — 50 kHz) made a significant difference in both the microscopic properties of
the plasma and the macroscopic characteristics of the films. Table 1, taken from our paper at the
MRS meeting in San Diego. 1987, illustrates that the effect is not just a small perturbation. Our
efiorts have focussed on obtaining a physical explanation.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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Table 1. The ortical and electrical properties of films produced in CW and SQW)M discharges
200 Hz modulation frequency). (* data unavailable)

Ccw/ Substrate Retracuve Opucal Dark AMI1 Acuivauon
SQWM Temperature Index Bandgap Conductivity Conductivity Energy
Q) (at lum) (V) (Q*cm)-l ~ (Q*cm)-l (V)
CwW 160 2.71 2.00 4.6 E-13 3.0 E-07 0.92
SQWM 155 3.09 1.82 68E12 1.8 E-07 0.87
CW 200 3.01 1.89 * 1.7 E-0.6 0.85
SOWM 200 3.08 1.84 2.2 E-11 3.9 E-06 0.85
CwW 235 3.04 1.94 3.1 E-12 1.9 E-06 0.88
SOQWM 255 3.15 1.81 1.2 E-11 1.3 E-06 0.84
CWwW 300 3.11 1.82 4.9 E-11 7.5 E-06 0.84
SQWM 300 3.13 1.82 1.3 E-11 1.3 E-Q6 0.83

The complicated time evoluation of the bulk electron densities in 98% He, 2% SiH, suggested
that attachment (to a radical) was playing a significant role in controlling the plasma density,
W hich appears to be directly correlated with the change in film properties (i.e., lower bandgap, high
mass density). Consequently. we have attemptied to detect the negative ions with a mass spectrom-
eter.

In order 1o obtain "practice” toward this goal. we have used CF, and 97.3% He + 2.7% F, mix-
ture as the donor gases. We find dramatic enhancements of the F signal with modulation rate, as
shewn in Figure 1. We have succeeded in modz:ling this enhancement by recognizing that the
sheath polarity in most discharges is such to confine the negative charges (electrons and negative
ions) and enhance the outward flux of the positive charges. otherwise the electrons would escape to
the walls and electrodes far too rapidly and extinguish the discharge. By :lamping the excitation to
zero fer 50% of the time, the sheaths disappear and the negative ions can reach the electrodes. This
max have a significant effect on etching or the deposition of the materials. Shown in Figure 2 is the
relative ion signal as a function of RF power. Notice that the F” signal scales directly with power
“as expected whereas the F appears to saturate. These two figures are the basis for a publication
being prepared at this time.

Laser Growth of Films

Phctoenhancement of Surface Mobilities

Considerable progress has been made in the iast vear in applying laser material interactions to
. the growth of metal or semicoenductor films. Two parallel research efforts are invoived. The first
Ay 1s concerned with illuminating surfaces with low fluence visible or ultraviolet (U'V) coherent radia-
d ton in order 1o improve adatom mobilities and. hence, improve film quality (morphology. struc-
ture. etc.; and permit film growth at lower substrate temperatures. At the time of our last annual
: repart. experimerts in which disilane (Si.H,) was being pyrolvzed were just under way. These
o experiments will be ccmpleted later this vear and the results 1o date are gratifving. Figure 3 illus-
iraies the effect of surface irradiation on the growth of Si from Si.H,. In acquiring these data. the
totar He St Hy pressure was maintained at 9.6 Torr (pg, H, = 0.3Torr) and film growth rate data !
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A Fig. 1. Variation of the relative ion signal with modulation frequency. The power was 7.5
‘ watts with a total pressure of 0.7 Torr.
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adequate. the impact at lower T, (< 650° C) is quite dramatic. In particular. the Si film growth
rate in the absence of external UV irradiation is roughly half that measured when the laser is "on."
in passing. it should be noted that each point in Figure 3 represents the average of several (at least
3 and in many cases. > 6) experimental trials, and the error bars represent one standard deviation
in the data.

Also. the film growth rate enhancement is only part of the story. The improvement in sur-
face morphology that is observed in the presence of the UV beam is equally dramatic. More
detaiica studies ol the properties vi the films are presently oeing carried out by Dr. Kiely at ihe
Center for Microanalysis (here at the U. of 1.) using transmission electron microscopy.

Metal lon Production by Multiphoton lonization of Molecules

One of the most promising applications of laser physics and technology that has received little
attention is the generation of high brightness, pulsed beams of singly charged metal ions. If suc-
cessful, this technigque would provide a relatively simple and inexpensive means for producing
beams of a wide variety of metal or semiconductor ions. For such a technique to be practical, how-
ever. will require that the fragmentation pathways of the precursor molecule be better understood.

Our initial experiments have centered on Al or Ga” ions produced by the multiphoton ioniza-
tion of precursors such as trimethylaluminum (TMA). Little is known of the processes involved
and. although the A™ production rate is dramatically enhanced in the vicinity of a three photon
rescnance in atomic aluminum, the products of and mechanisms responsible for ionization off-
resonance are poorly understood. Similar comments hold for the production of Column IIIA ions
by dissociative ionization of metal halides in the VUV (such as In" from InI).

To more closely investigate this process, we have recently constructed a time of flight (TOF)
mass spectrometer and have carried outl several experiments involving the fragmentation of
Ga(CH,); by tunable blue dye laser radiation. The apparatus is shown schematically in Figure 4.
Representative time-of-flight (TOF) spectra that have been obtained with this system are presented
in Figure 5. Such data demonstrate that the system resolution is sufficiently high to resolve peaks
associated with the two most abundant isotopes of gallium. It is a simple matter to select a partic-
ular mass peak for study. and preliminary experimental results show that the spectral dependences
tor the Ga peaks differ considerably from those for the other fragments. In particular, the atomic
ion spectra display strong resonant structure whereas the other fragments yield essentially con-
tinua. These experiments are continuing with the goal of elucidating fragmentation patterns for
the molecule. both on and off a gallium 2 + 1 resonance.

Our primary goal is to study the scaling of the Ga” ion production rate and determine if the
obtainable Ga current makes this process competitive with current ion production techniques.
These experiments will also be extended to other metal atom precursors such as the metal-halides.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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SCIENTIFIC OBJECTIVE:

Our principal goal on the investigation of monolithic microwave integrated circuits (MMIC) is
o integrate active solid state devices with microstrip antennas. It includes the study of propaga-
tion characteristics of guidance structures and transmission line discontinuities. the coupling
between waveguides. and the integration of solid-state amplifiers witk microstirip antennas.

SUMMARY OF RESEARCH:

(a) Study on Guidance Structures and Transmission Line Discontinuities Using
Supercomputer

Dielectric waveguides, transmission lines. and discontinuities are the canonical parts of
millimeter-wave integrated circuits. Therefore. the propagation characteristics of rectangular
dielectric waveguides. microstrip lines. and coplanar lines have been studied. 71..* discontinuities.
such as open microstrip line and open and shorted coplanar lines, have been characterized.

To fully understand the operational condition of the rectangular dielectric waveguides. one
must obtain the relationship for the propagation constant and the mode pattern inside the
waveguide in terms of the frequencies and the waveguide geometry. The purpose of this research is
to derive such a reilationship using the analytical effective index method and the numerical finite
element method. The computer program developed using the finite element method can also be
applied as a CAD :o0l for dielectric as well as nondielectric waveguide designs.

A computer program using the method of moments in the spectral domain has also been
developed to analyvze the propagation characteristics of the microstrip line, coplanar line. and their
aforemenuicned discontinuities. A large amount of computation time is required when executing
the program. Thirty hours of supercomputer CPU time have been granted to work on this project.

(b) Coupling Betweemr Anisotropic Waveguides and the Electro-optical Effect

During the past vear, the applications of the strongly coupled-mode theory to a reciprocal
anisoiropic multiwaveguide svstem and multiple quantum-well channel waveguides have been stu-
cdied. The general reciprocal anisotropic medium is described by a svmmetric permittivity tensor
that can have nonzero off-diagonal elements. The derivation was based on the generalized recipro-
civ. relation. and the derived coupled-mode equations are applicable to both lossy (gain) and loss-
fess svstems. The improved coupied-mode theoryv in an anisotropic multiwaveguide system has
als¢ been illustrated with numerical examples. Furthermore, the quadraric electrooptic effect in the
mu.tiquantium-well structures has been considered. It has been shown that only a moderate elec-
tric feid for muitiquantum-well is necessary tc achieve the optical power switching compared with
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that required for a bulk GaAs waveguide. These results are useful for both millimeter-wave
dielectric waveguides and integrated optical circuits.

Y - o
-
0

e {c) Experimental Study on the Integration of Microstrip Antennas

j - We have been working on the components of the integrated circuits and their integrations.
'.; We have studied experimentally an aperture-coupled microstrip antenna and are comparing it with

s coptanar-fed microstrip antennas. Specifically. the aperture-coupled microstrip antenna consists of

ar aperture in the ground plane which couples a microstrip line below the ground plane to the
patch above. An experimental model of this antenna was designed at 3.6 GHz. It was found that
the back rad:ation and the return loss at f=3.6 GHz are lower than 20 dB and 15 dB. respectively.

8

-
« v

": When the return loss was measured over the frequency range of 3-10 GHz, another frequency, 6.8
LN GHz. was found with a return loss lower than 15 dB. This is believed 1o be due to the presence of
- the aperture. [t is known that if slols are cut in the patch where the magnetic field of the (0.3)

mode is maximum. they can have a strong effect on the (0.3) modal field. in particular, to lower the
operating frequency for the (0.3) mode. In addition, 2-by-2 aperture-coupled and coplanar/slot
.ine feed microstrip arrays were designed to investigale the possibility of beam steering. The

“oa e
ety

P A,: .:

o dimensions of the patches and the distances between patches were chosen for the operation fre-
. quency at 3.6 GHz. The feeding system of the aperture coupled array was designed using
ol o Wilkinson's power divider 10 reduce the effect of the reflection from the branches. The input
« :mpedances. co-polarization and cross-polarization characteristics were measured.

5 The amplifier was designed using the coplanar-line matching network. This was necessary for
- the integration of the amplifier with the coplanar-fed microstrip antenna. First of all, S-
7o parameters of the FET-transistor (packaged NEC 700) to be used in the amplifier were measured.
- Then input and output matching networks using coplanar lines were designed to match the input

= and output of the transistdr to a 50-ohm line and to antenna, respectively. Although this is a
hvbrid integration, it helps us in the development of the theory and software programs for the

:: monelithic integration.
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in Proc [EE. Part H. Micr waves. Antennas. and Propagation. (RADC and NASA)
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WORK UNIT NUI\‘IBER 12

TITLE: Investigauon of Radar Scattering Characteristics of Controllable Surface Shapes with

"t Application to Low Observable Targets
ot
2
? SENIOR INVESTIGATOR:

LY

* R. Mittra. Research Professor
,.";-\
R SCIENTIFIC PERSONNEL AND TITLES:
. A. Peterson, Visiting Assistant Professor
- C Chan, Visiting Assistant Professor

A. Chang. Graduate Student

- R. Gordon, Fellow
o R. Jorgenson. Graduate Student

J. Joseph, Graduate Student
K. Merewether. Fellow

SCIENTIFIC OBJECTIVE:

There are three principal objectives of this effort. The first is to develop efficient integral

n equation and differential equation techniques for solving the problems of electromagnetic scattering

and coupling into complex structures. The second is to study techniques for reducing the radar

“ cross-section of targets of different shapes. The third is to analyze frequency selective surfaces
(FSS) for radomes and other antenna applications.

. SUMMARY OF RESEARCH:

During the last twelve months we have solved the problem of scatlering by resistive honey-
comb structures that are useful for fabricating low observable vehicles. The problem of computing
-~ the effective complex dielectric constants of such structures has been solved, up to the resonance
’ region. Next. the problem of complex modes in periodic resistive structures has been addressed and
these modes are being emploved to represent the fields inside the honeycomb structure and to com-
pute the scattering characteristics of truncated honeycombs.

We have also considered the problem of scattering from a body of revolution (BOR). which

. can be quite large compared to the wavelength. We have developed an efficient algorithm for com-

T puting the RCS of BORs that is ten times faster than the conventional methods. Furthermore, we

- nave studied the problem of reducing the radar cross-section of a BOR by coating it with one or
more lavers of lossv dielectric media.

o During this pericd we have initiated the studv of Absorbing Boundary Conditions (ABCs)
e with the objective of substantially reducing the mesh size associated with the PDE approaches to

selving opea region scattering problems. The FEM approach appears to be quite promising for com-
'J. plex targets that are inhomogeneously loaded.

We have continued our investigation of the frequency seiective surfaces (FSSs) and have
focused ~ur attention on the problem of scattering from curved and truncated FSSs. Both singly

fu wnd doubly truncaled FSSs have been considered. and structures with dimensions quite large com-

Ry pared 10 the wavelength have been investigated by using a technique that allows one to handle over
University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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1000 cells. each one requiring several unknowns for the accurate representation of the current dis-
tribution on the cell patch. We are currently considering the finite FSS geometry with a dielectric
substrate and we plan to study muluple. truncated screens in the near future.

"Q.'-? 4

NR\ As for the curved surface FSS. we are investigating the problem of scattering (both in-band
s and out-of-band) by a parabolic surface comprised of frequency selective cells. The curved surface ‘
'»",,'\ problem is being investigaied as an extension of the planar problem by using a locally planar :
..:“: approximation. The investigation of this problem will be continued. ;
N1
)
o
\ PUBLICATIONS

-
K

=
j\ JSEP-SPONSORED PUBLICATIONS:

4
po--. (1] T. Cwik R. Mittra. K. C Lang and T. K. Wu, "Frequency selective screens.” /FEE Antennas
o Propagat. Society Newsletrer. vol. 29. no. 2, pp. 6-10. Apr. 1987. (JSEP)
o~
N (2] C. H. Chan and R Miutra. "Comparative study of iterative techniques, moment method and
- spactral Galerkin approach for solving the problem of electro-magnetic scattering by a rec-
A tangular plate,” /EE Sth Inr. Conf. on Arnzennas and Propagation ICAP 87. York, Mar. 30 -
Apr. 2, 1987, pp. 443-446. (JSEP)
,-.':-'.j 31 T. Cwik and R. Mittra, "Frequency selective surfaces of constant curvature. JEE 5th Int.
e Conf. on Antennas and Propagation ICAP 87. York, Mar. 30 - Apr. 2, 1987. pp. 67-
- '-‘ 70.  {(JSEP)
) V‘%J
i :::j PUBLICATIONS UNDER OTHER SPONSORSHIP:
o i
Wi 4] T. Kitazawa. Y. Hayvashi. and R. Mittra. "Asymmetrical coupled coplanar-type transmission

- lines with anisotropic substrates, /EE Proc. H. Aug. 1986. vol. 133, no. 4. pp. 265-

’ 270, TONR. ARO)
:-:::-: 5] Z. Pantic and R. Mittra, "Quasi-TEM analvsis of microwave transmission lines by the finite-
o slement method." JEEE Trans. Microwave Theory and Tech.. vol. MTT-34, no. 11, pp. 1096-

1103. Nov. 1986, (ONR,/ARO)

(6 C. H. Chan and R. Mittra. "Analvsis of a class of cvlindrical multiconductor transmission
lines using an iterative approach.” /EEE Trans. Microwave Theory Tech.. vol. MTT-35, no. 4.
pr. 415-424, Apr. 1987, (ONR)
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WORK UNIT NUMBER 13

TITLE: High-Performance Testable Electronic Systems

SENIOR INVESTIGATORS:

J. A Abraham. Research Professor
J. H Patel, Research Professor

SCIENTIFIC PERSONNEL AND TITLES:

J. Fu, Graduate Research Assistant

C. Gura, Graduate Research Assistant

J. Gerstenberger, Graduate Research Assistant
S Laha. Graduate Research Assistant

SCIENTIFIC OBJECTIVE:

This unit seeks to develop, model. and analyze efficient, high-performance, and testable com-
puter architectures which will exploit compound semiconductor technology. There has been
increasing interest in the use of compound semiconductor technologies. such as gallium arsenide
(GaAs). as a vehicle to develop high-performance electronic systems. Various studies have indi-
cated that GaAs devices will become a larger share of the semiconductor market in the coming
vears. In addition to the high performance possible, the capability for greater radiation hardness in
the compound semiconductor technology is of great interest to military svstems. We have
identified several aspects of computer architecture for particular attention, due both to their emerg-
ing importance from a technology-driven point of view and to the lack of known structures or
analysis techniques for meeting our objective.

SUMMARY OF RESEARCH:

Memory Organizations

Chip area is a critical resource in the design of VLSI processors., and careful allocation of
available area will help maximize chip performance. This research compares several different local
memory organizations applicable for single-chip processors. Several cache tvpes—instruction, data,
split. unified. stack, top-of-stack—were considered. These are compared to multiple register set
architectures to which various caches can also be added. The performance metric of interest is
effective access time. since a wide variety of register and cache organizations is used. A model for
access time and a model for chip area required for each organization form the basis for comparison.
Extensive simulations of several register-memory organizations were performed. Address traces
from a VAX-11/780 running systems programs were used in the simulation. The results are some-
what surprising for very small on-chip memories: in particular, stack caches and instruction caches
performed better than the conventional wisdom of adding more registers or a companion data
cache.

Trace-driven simulation is a simple way of evaluating cache memory svsiems with varving
hard-aare parameters. Tc evaluate realistic workloads. simulating even a few million addresses is
not adequate and such large-scale simulation is impractical from the consideration of space and
time requirements. Therefore, simply reporting more simulation results on cache memories. which
are fcund in prefusion in existing literature, is not the goal of this research. The goal of this
research 18 to develep new methods of cache simulation based on statistical techniques for

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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decreasing the need for large trace measurements and to predict true program behavior. In the pro-
rosed method. sampling techniques are applied while collecting the address trace from a workload.
The cost of the sampling-based simulation method in terms of both memory space and computer
time 1s significantly lower than conventional techniques. For a trace length of 5 million references,
this method tyvpically requires collecting only 7% or less of the trace for smaller caches. For large
caches. much longer segments of traces are required by conventional methods. The new method
estimates the true value of miss ratio with much lower overhead. This technique gives accurate
estimates of both the mean value and the distribution of the miss ratio.

Last vear we reported the success of the sampling method for small cache. We have contin-
ued this work for large caches. The large caches are becoming very common and their behavior can
onlv be studied by using massively long traces. However, the above sampling-based methods are
not directly applicabie to iarge caches where significant amounts of data are retained across the con-
tex: switches. Therefore a new concept of primed cache was introduced to simulate large caches
n. the sampling-basad method This is achieved by simulating only those portions of the cache
A hose irue stale van be recreated even from the sampled trace. Both direct-mapped and set-
sSsociative caches. as large as 128 Kbyvtes. have been studied using these methods. Extensive
weriicalivn experiments were carried out and the results obtained indicate that the primed cache
coneert with sampled simulation method gives very accurate miss ratios.

Improved Methods of Simulating Transmission Lines

This researcn addresses the accurate assessment of interconnection delay in high-performance
integrated vircuit technelogies. The models for the interconnections between devices can generally
ne divided into Lwo categories. In the first category the signal transition lime is sufficiently longer
than the delay of the signal propagation through the interconnection. Interconnect models in the
irst categery include the lumped capacitor and the distributed RC line. In the second category the
iransition time is less than twice the delay of the signal propagation, thus a transmission line model
must be considered. Models in the second category include single (uncoupled) lossless and lossy
"RLC) transm:ssion lines ancd coupled lossless and loss transmissicn lines.

We have developed new techniques for simulating lossy (RLC) transmission lines based on
~he method of characteristics. For uncoupled lossy transmission lines., a2 method is presented that
speeds up the simulation uime by a factor of two compared with existing techniques. A method is
alsc presented for the transient analvsis of coupled lossy lines in an inhomogeneous medium. Pre-
viously. simulation techniques were limited to coupled lossy lines in a homogeneous medium.
Results in this area wiil be used to develop techniques and tools to evaluate the performance of
aigh-performance computer svsiems implemented with new packaging technologies.

PUBLICATIONS

JSEP-SPONSORED PUBLICATIONS:

1] S. G Abraham and J. H. Patel. "Parallel garbage collection on a virtual memory svstem." Proc.
1958~ Int Con? on Farailel Processing. St. Charles, IL. Aug. 1987, pp. 243-246. (JSEP)

K. J FEicamever. "Periormance evaluation of on-chip register and cache orgamizations.” Proc.

e

15:00 In:. Aan. Swmpo on Compuwter Architecture. Hernolulu, Hawaii, May 1988 (1o
arpear..  CISEP SRC
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(3] C. V GuraandJ. A, Abraham. "Improved methods of simulating RLC coupled and uncoupled
transmission lines based on the method of characteristics," Proc. 25th Design Automation
Conf., Anaheim, CA, June 1988 (1o appear). (JSEP)

(4] S Laha.J. H. Patel and R. K. Iyer, "Accurate low-cost methods for performance evaluation of
cache memory systems." JEEE Trans. Comput. (1o appear). (JSEP/NASA)

PUBLICATIONS UNDER OTHER SPONSORSHIP:

5] N. K. Jha and J. A. Abraham, "Techniques for efficient MOS implementation of totally self
checking checkers,” Int. J. Comput. and Math.. vol. 13, no. 5/6, pp. 555-566, Apr.
1987. (SRC)

[6] V.S.S. Nair and J. A. Abraham, "Average checksum codes for fault-tolerant matrix opera-
tions on processor arrays.” (invited paper) Proc 2nd Int. Conf. on Supercomputing, San Fran-
cisco. CA. May 1987, pp. 284-290. (NASA)

[7] A. Chatterjee and J. A. Abraham. "Test generation for arithmetic units by graph labelling."
Proc I7th Int. Symp. on Fault-Tolerant Compuring, Pittsburgh, PA, July 1987. pp. 284-
289. (SRC/GE)

[8] R.J. Eickemeyer and J. H. Patel. "Performance evaluation of multiple register sets.” Proc. I4th
Annual Symp. on Computer Architecture, Pitisburgh, PA, June 1987, pp. 264-271. (SRC)

(9] S. I Chandra and J. H. Patel, "A hierarchical approach to test vector generation," Proc. 24th
ACM /[EEE Design Automation Conf., Miami Beach, FL, June 1987, pp. 495-501. (SRC)

{10] P. Mazumder and J. H. Patel, "Design and algorithms for parallel testing of random access and
content addressable memories." Proc. 24th ACM : IEEE Design Automation Conf., Miami Beach.
FL. June 1987, pp. 688-694. (SRC)

{11] P. Mazumder and J. H. Patel, "Methodologies for testing embedded content addressable
memories." Proc. 17th Int Symp. on Fault-Tolerant Computing. Pittsburgh, PA, July 1987, pp.
270-275. (SRC)

[12] W.-T. Cheng and J. H. Patel. "A minimum test set for multiple-fault detection in ripple-carry
adders." IEEE Trans. Comput.. vol. C-36, pp. 891-895, Julv 1987. (SRC)

{13] J. A. Abraham, P. Banerjee. W. K. Fuchs. C.-Y. Chen, S.-Y. Kuo. and A. L. N. Reddy. "Fault
tolerance techniques for systolic arrays” (invited paper). JEEE Computer Magazine (Special Is-

sue on Svstoiic Arravs: From Concepr to Implemencation), vol. 20. no. 7, pp. 65-75, July
1987. (SRC)

(14] M. ML Yen. W. K. Fuchs. and J. A. Abraham. "Designing for concurrent error detection in
VLSI: application to a microprogram control unit." /EEE J. Soiid-State Circuits, vol. SC-22.
no. 4. pp. 595-605, Aug. 1987. (VHSIC'SRC)

(15} W.K. Fuchs. C.-Y. Chen. and J. A. Abraham. "Concurrent error detection in highly struc-
tured logic arravs.” [/EEE J. Solid-State Circuits. vol. SC-22, no. 4. pp. 583-594, Aug.
19587 'SRC 'VHSIC)
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116] C.-Y. Chen and J. A. Abraham. "Concurrent error detection in VLSI processor arrays.” Proc.
SPIE 2nd Conf. on Advanced Signal Processing Algorithms and Architectures, San Diego, CA.
vol. 826, Aug. 1987, pp. 205-214. (SDIO/IST)

X [17] H. P. Chang and J. A. Abraham. "Use of high-level descriptions for speedup of fault simula-
- tion." Proc. Int. Test Conf., Washington, DC. Sept. 1987, pp. 278-285. (SRC/GE)

(18] P. Mazumder and J. H. Patel, "An efficient built-in self testing for random access memory."
Proc. Int. Test Conf.. Washington, DC, Sept. 1987, pp. 1072-1077. (SRC)

[19] W. A. Rogers. J. F. Guzolek, and J. A. Abraham. "Concurrent hierarchical fault simulation: a
performance mode!l and two optimizations." JEEE Trans. Comput -Aided Des.. Special Issue on
ICCAD-86. pp. 848-862, Sept. 1987. (SRC)

{20] A. Cratterjee and J. A. Abraham, "On the C-testability of generalized counters." IEEE Trans.
Comput -Aided Des.. Special Issue on ICCAD-86, vol. CAD-6, no. 5, pp. 713-726. Sept.
1987. (GE/SRC)

- {21] P Mazumder and J. H. Patel. "A novel fault-tolerant design of testable dvnamic random ac-
cess memory." Proc. Int. Conf. on Computer Design (ICCD '87), New York, NY, Oct. 1987, pp.
- 306-309. (SRC)

- f22] K. A. Hua and J. A. Abraham. "Design and evaluation of executable assertions for concurrent
error detection.” Proc. Computer Software and Applications Conf.. Tokyo, Japan, Oct. 1987,
pp. 324-330. (IBM/NASA)

(23] W. C Carter and J. A. Abraham, "Design and evaluvation tools for fault-tolerant svstems.”
Proc. AIAA Computers in Aerospace VI Conf., Wakefield. MA., Oct. 1987, pp. 70-76. (U of
D

[(24] D.S. Brahme and J. A. Abraham. "Knowledge based test generation for VLSI circuits." Proc.
Int Conf.on Computer-Aided Design. Santa Clara. CA, Nov. 1987. pp. 292-295. (ONR?

" '25] H. P. Chang and J. A. Abraham. "The complexity of accurate logic simulation," Proc. In:.
b Conf. on Computer-Aided Design. Santa Clara, CA, Nov. 1987, pp. 404-407. (SRC'GE)

. [26] A. Chatierjee and J. A. Abraham, "Testability of generalized counters under sequential and
L multiple faults." Proc. Int. Symp. on Electronic Devices, Circuits, and Systems, Kharagpur, In-
dia, Dec. 1987. pp. 624-626. (GE/SRC)

1 P. Mazumder. J. H. Patel. and W. K. Fuchs. "Methodclogies for testing embedded content ad-
dressable memories." /EEE Trans. Comput.-Aided Design. vol. 7, pp. 11-20, Jan. 1988. (SRC)
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28] P. Banerjee. J. Rahmeh, C. Stunkel. S. Nair. K. Royv. and J. Abraham. "An evaluation of
svstem-level fault tolerance on the Intel hypercube multiprocessor,” Proc. 18th Int Svmp. on
Fault-Tolerant Computing. Tokvo, Japan. June 1988 (10 appear). (NSF.SRC. Shell)

29] V.S S. Nair and J. A. Abraham. "General linear codes for fault-toierant matrix operations on
rrocessor arravs. Proc. 1Sth In: Svmp. on Fauli-Tolerant Computing. Tokvo. Japan. June 1988
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[30] P. A Duba. R. K. Roy. J. A. Abraham, and W. A. Rogers, "Fault simulation in a distributed
environment.”
appear).
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WORK UNIT NUMBER 14
TITLE: New Directions in Fault-Tolerant Computing

SENIOR INVESTIGATORS:

P. Banerjee, Research Assistant Professor
W. K. Fuchs, Research Assistant Professor
R. K. Iyer, Research Associate Professor

SCIENTIFIC PERSONNEL AND TITLES:

S. Patil. Research Assistant

C. C. Li, Research Assistant

S. Subramani. Research Assistant

M. C.. Hsueh. Research Assistant/Visiting Professor

SCIENTIFIC OBJECTIVE:

This unit is concerned with exploring new directions in fault-tolerant computing that will be
useful in understanding the basic principles in design, testing, error prediction, and circumvention
for reliable complex computer systems. Basic research is being performed in the three areas of
parallel test pattern generation, reliable distributed database systems for real-time applications,
and intelligent error prediction and circumvention.

SUMMARY OF RESEARCH:

Parallel Algorithms for Automatic Test Generation

In the past vear, we have performed research into the investigation of algorithms for
automatic test pattern generation (ATPG) in a parallel processing environment. We have identified
several technigues for partitioning a large circuit into blocks. We have also studied the effect of
assigning circuit blocks to processors in a multiprocessor environment on the algorithm perfor-
mance. In conventicnal test generation algorithms. during the decision-making process. we may
have more than one way to satisf{y our current objective. In a parallel environment. we can evalu-
ate the alternate choices in parallel and avoid backtracking. This sort of parallelism is called OR-
parallelism. In satisfving an objective, there may be some necessary subgoals that must be solved.
These subgoals can be selved in parallel, and this form of parallelism is called AND parallelism.
The proposed test generation algorithm uses AND/OR parallelism. We can get further speedups by
parallelizing the forward implication steps. Apart from an algorithm based on decision irees such
as PODEM or FAN. we are aiso working on a simulation-based algorithm that uses a cost function
10 guide the search for a test vector. The proposed test generation algorithm also uses parallelism
at a higher level. Given a list of faults, we can generate tests for different faults in parallel. The
test generation step is usuailv followed by fault simulation. We are at present investigating
ditfferent partiticning techniques for fault sets so that communication between processors for fault
simulation 1S reducec.
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Reliable Distributed Database Systems

A new technigue, based on virtual backpointers, has been developed for local concurrent error
detectior: in linked data structures. Two new data structures. the Virtual Double-Linked List and
the B-Tree with Virtual Backpointers, have been designed and implemented based on this tech-
mque. The data structures are appropriate for real-time applications since they allow concurrent
error detection in O(1) time with little or no storage overhead and few extra node accesses. For
purposes of analyzing local concurrent error detection strategies. a checking window metric has
been deveioped. Checking windows define the dimension of the locality and are a function of the
cost of performing local concurrent error detection. These technigues have been implemented in a
data structure software package and are currently undergoing experimental performance and relia-
bility analysis.

We have also developed a strategy for reliable storage reclamation in distributed object-
oriented systems. A distributed garbage collection algorithm that does not require global state
information has been developed. The algorithm exhibits the property of graceful degradation and
functions in the presence of inactive processor nodes. Compaction of objects is supportied and
object locality is exploited to reduce overhead. An implementation utilizing the operating system
MACH and the transactions facility CAMELOT is currently under way.

Intelligent Error Prediction and Circumvention

A new technique for extracting behavioral models that characterize jointly. system resource
and error activity, has been developed. This technique has now been adapted to develop models of
svstem behavior in real-time. The model extraction syvstem takes, as input, measured data of
resource usage and error occurrence. Statistical clustering is then used to identify recurring pat-
terns of usage and failures for the set of applications or workload under consideration. The
identified patterns are then used to define a state transition model of svstem behavior. This model
extraction approach is now being used to investigate real-time resource reconfiguration for both
optimum performance and optimum availability.

[t has been shown that such analyses are not only capable of accurately predicting system
rerformability, but error prediction based on the past occurrence patterns as well. A new approach
for utilizing the identified failure and resource usage patterns for system failure diagnosis is now
under investigation.

JSEP-SPONSORED PUBLICATIONS

[1] M. C. Hsueh, R. K. lyer. and K. S. Trivedi, "A measurement-based performabilitv model for a
multiprocessor system." Proc. 2nd Int. Wkshp. on Applied Mathematics and Performance Reli-
abilitv Models of Computer ‘Communications Systems. Rome, [talv. Mayv 25-29, 1987. (JSEP)

2] R. Chillarege and R. K. lver. "Measurement-based analysis of error latency." IEEE Trans.
Compur.. voi. C-36, no. S, pp. 529-537. May 1987. (JSEP)

{31  P. McGuire and R. K. Iver. " A measurement-based study of concurrency in a multiprocessor.”
Proc. 1987 Int. Conf. on Parallel Processing. St. Charles. IL. Aug. 17-21.1987. (JSEP)

f4] M. C. Hsueh and R. K. Iver. "Measurement-based model of software reliabilitv in a produc-
ticn environment." Computer Software and Applications Conf.. Tokvo. Japan. Oct. 35-9,

N 1987, (JSEP)
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P. Barerjee. M. Jones. J. Sargent. R. J. Brouwer. K. P. Belkhale, A. Hagin, and S. Patil, "Paral-
lel algorithms for placement. routing. extraction, simulation and test generation on hypercube
multiprocessors.” in Advances in VLSI Computer-Aided Design, vol. 2. 1. N. Hajj.
Ed. England: JAI Press. 1988. (JSEP)
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cache memory systems.” JEEE Trans. Comput. (to appear). (JSEP)
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fault discovery in a shared memory multiprocessor,” Proc 1988 Int. Conf. on Parallel Process-
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R. Chillarege and R. K. Iver. "An experimental study of memory fault latency." /EEE Trans.
Comput. (10 appear). (JSEP)

D B. West and P. Banerjee. "On the construction of communication networks with bounded
degree of output ports,” JEEE Trans. Comput. (1o appear). (JSEP)

P. Banerjee and A. Dugar. "The design. analysis and simulation of a fault-tolerant intercon-
nection network supporting the fetch-and-add primitive" IEEE Trans. Comput. (10
appear). (JSEP)

M. Sharma and W. K. Fuchs, "Applicative environments for reliable multiprocessor systems."
Algorithm, Architecture and Technology Issues in Concurrent Computation, Tewksbury, Ed,
1988 (1o appear). (JSEP)
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TITLE: Efficient Computation Techniques

-
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. D. J. Brown, Research Associate Professor
o M. C. Loui. Research Associate Professor

F. P. Preparata, Research Professor

. V. L. Ramachandran, Research Assistant Professor
oS

N

_ SCIENTIFIC PERSONNEL AND TITLES:
e A. Kanevsky. Research Assistant

M. L. Prastein, Research Assistant
: R. Tamassia, Research Assistant
s I. Tollis. Research Assistant

J. L. Trahan. Research Assistant

SCIENTIFIC OBJECTIVE:

« For several years one of the most vigorous areas of research in information processing has

i been the analysis and design of efficient computation techniques. Its impact has been not only on
the availability of better computational methods for a number of significant applications, but also

) on the awareness in the computing community of the crucial importance of algorithmic design. By

-?Q investigatling both upper and lower bounds to the resource requirements of specific applications.

o this discipline effectively develops a methodology aiming at a quantitative formulation of the
inherent difficulty of problems in the appropriate computation models.

- . The involvement of our research group with this topic is well established and dates back 1o
- the early seventies. Our record over this period shows that our focus (as well as that of our peer
community) has been adjusting dynamically. as changes in technologies have modified the general

o research horizon and the perception of relevance. The most significant change of this type has been
~ the advent of Very-Large-Scale-Integration (VLSI). which has profoundly influenced essentially

everv facet of our current research interests. The advent of VLSI is important in two major
. respects. one is the present possibility to realize massively parallel computers: the other is the
! introduction of criteria of complexity (the VLSI "model”). which takes into account the design rules

dictated b+ the new technology. Therefore, while maintaining our interest for problems in the
more traditional areas (Von Neumann computations), our current work emphasizes research on the

..f; potentially revelutionary domain of concurrent computation.
»
Ve SUMDMARY OF RESEARCH:
“
-
~
Parallel Computation and Graph Algorithms
RS We have continued our investigation of efficient parallel algorithms for graph problems. We
’ have developed a new algorithm for testing graph four-connectivity and for finding all separating
triplets of a tri-connected graph. This algerithm has both sequential and paralle! implementations
that are better than previous aigorithms for the problem. On an n-node graph. the parallel aigo-
i sithm runs in O(log™n) parallel time with n” processors on a CRCW PRAM.
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-E. ': We have developed an improved sequential algorithm for determining the vertex connectivity
poCt of graphs. As an aid to developing good parallel algorithms for graph connecuvnv we have stu-

died the structure of separating k-sets in a graph. We have obtained a o(c"n ) bound on the

:,). worst-case number of separating k-sets in a k-connected graph, with exact results for k=2 and 3.
"\:: We have also obtained a compact. linear-size representation for these separating k-sets.

;\'J‘_ We have improved the running time for efficient parallel triconnectivity testing to 0(logn)

.;:,- from 0(log'n) by developing two new parallel algorithmic techniques. We have developed fast
|’ parallel algorithms for several problems on reducible flow graphs, and we have obtained an
o interesting minimax arc theorem for them. We have also obtained fast and efficient circuits for the
2-.1’\. problem of integer division.

;-": We have spent a substantial portion of the last year in preparing a survey article with R. M.
"-j-\_"\ Narp at University of California, Berkeley. on parallel algorithms for shared memory machines.
00N This survey was invited for the Handbook of Theoretical Compuier Science, by the editor, J. van
( ,, Leeuwen. and will be published by North-Holland.
N

oo

:{: Models of Parallel Computation

A We have significantiy strengthened our time and space bounds for simulation of PRAMs with
.x unit-cost multiplication and with unit-cost shift instructions. Let PRAM[*] (PRAM[T.l]) denote a
K. PRAM with a unit-cost multiplication instruction (respectively left shift and right shift instruc-
i

tions). For convenience we use PRAMs with the concurrent-read-concurrent-write capability.

Every PRAM[*] of time complexity T(n) can be simulated by an ordinary PRAM in time

O(T (n)/logT(n)) and by a Turing machine in space T’ (n) Every PRAM [T.l] of time complexity

T(n) can be simulated by an ordinary PRAM in time O(T%(n)) and by a Turing machine in space
T"(n). We have obtained analogous results for PRAMSs with unit-cost division.

{
‘.}\
N
AN
NS
S
-2 . . . . -
A Parallel Implementation of Signal Processing (in VLSI)
Signal processing is a most typical candidate for high-efficiency dedicated parallel computa-
N tion. For increasing input rate. processing is feasible only by resorting to massive parallelism, i.e.,
Lo 10 an ng-ih extension of the original order-n filter. We have shown that the operation is reducible
. . to convolutions with fixed n-vectors and propose to realize the computation by means of the
A twisted-reflected-tree. a network naturally suited for prefix computation. The fact that digital
‘N fltering s structurally in the class of prefix computations has motivated an in-depth studyv of
o space-time trade-offs for circuits for parallel-prefix computations. We have shown that inherently
g f P P P 3
™ - different trade-off s exist depending upon the structure of the operation semigroup [6].
LA
AN
.J':'J','
BN . -
LA PUBLICATIONS AND REFERENCES
-
o
L i
S JSEP-SPONSORED PUBLICATIONS:
s
o 1) A Kanevsky and V. Ramachandran, "Improved algorithms for graph four-connectivity." Proc.
. P g grap >

25th Ann. [EEE Symp. on Foundations of Comp. Sci. Los Angeles. CA. 1987, pp. 252-
259 (ISEP SRC)
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(2] M. C. Loui and H. H. Abu-Amara. "Memory requirements for agreement among unreliable
asvnchronous processes.” in Advances in Computing Research, vol. 4, F. P. Preparata, Ed. JAI
Press, 1987, pp. 163-183. (JSEP/ONR/Kodak)

(3] N. Shankar and V. Ramachandran, "Efficient parallel circuits and algorithms for division,”
CSL Technical Report UILU-ENG-87-2235, ACT-77. Coordinated Science Laboratory. Univer-
sity of Illinois at Urbana-Champaign. May 1987; also. submitted to Inform. Proc. Letr.
(JSEP/NSF/SRC)

(4] V. Ramachandran, "Fast parallel algorithms for reducible fiow graphs,” Proc. 1987 Princeton
Wkshp. on Algorithm, Architecture and Technology Issues in Models of Concurrent Computa-
tions. Princeton, NJ, Oct. 1987.  (JSEP/NSF/SRC)

[5] V. Ramachandran. "A minimax arc theorem for reducible flow graphs.," Technical Report 87-
001. International Computer Science Institute, Berkeley, CA, Dec. 1987; also, submitted to
SIAM ] Discrete Math. (JSEP)

(6] G. Bilardi and F. P. Preparata. "Size-time complexity of Boolean networks for prefix computa-
uons, 1o appear in J. Assoc. Comput. Mach.  (JSEP/NSF)

(7] H. Edsisbrunner and F. P. Preparata, "Minimum polygonal separation.” /nform. and Computa-
tion (10 appear). (JSEP/NSF)

(8] R. M. Karp and V. Ramachandran, "Parallel algorithms for shared memory machines." Hand-
book of Theoretical Computer Science, J. van Leeuwen, Ed., 1988 (10 appear). (JSEP)

{9] V. Ramachandran and U. Vishkin, "Efficient parallel triconnectivity in logarithmic time." Proc.
Aegean Workshop on Computing, Corfu, Greece, June-July 1988, Springer-Verlag Lecture
Notes in Computer Science (to appear). (JSEP/SRC)

[10] J Trahan, M. C. Loui. and V. Ramachandran, "Multiplication, division, and shift instructions
in parallel random access machines." Proc. 22nd Ann. Conf. on Inform. Sci. and Sys® Prince-
ton. NJ, Mar. 1988 (JSEP).

PUBLICATIONS UNDER OTHER SPONSORSHIP:

i11] H. Alt. T. Hagerup. K. Mehlhorn, and F. P. Preparata. "Deterministic simulation of idealized
parallel computers on more realistic ones." SIAM J. Comput., vol. 16, no. 5. pp. 808-835, Oct.
1987. (N\SF)

——
s
tw

-

W. Lipski. Jr., and F. P. Preparata. "A unified approach to layout wirability," Math. Svst.
Theorv. voi. 19, pp. 189-203. 1987.

[13] K. Mehlhorn and F. P. Preparata. "Area-time optimal division for T = Q ((logn)'*)." Inform.
and Computation. vol. 72. no. 3, pp. 270-282, 1987. (N\SF)

(14] V. Ramachandran. "The complexity of minimum cut and maximum flow problems in an acy-
ciic network." Networks. vol. 17, pp. 387-392. 1987. (N\SF IBM:
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W {15] M. Sarrafzadeh and F. P. Preparata, "A bottom-up lavout technique based on two rectangle
f' routing.” Integration. vol. S, pp. 231-246. 1987.
q " "
oy [i6] R. Tamassia. "On embedding a graph in the grid with the minimum number of bends,” SIAM
;QE. J.on Comput .. vol. 16. no. 3. 1987, pp. 421-444.
A
.‘..
sy [17] A Kanevsky and V. Ramachandran, "A characterization of separating pairs and triplets in a
,‘) graph.” CSL Technical Report UILU-ENG-87-2242, ACT-79, Coordinated Science Laboratory.
P, University of [llinois at Urbana-Champaign, June 1987; also submitted to Discrete Applied
b Math.  (NSF/SRC)
oon
N
-».*: (18] M. Ben-Or, E. Feig. D. Kozen, and P. Tiwari. "A fast parallel algorithm for determining all
O roots of a polynomial with real roots.” SIAM J. Comput. (1o appear). (I3M/ONR)
o [19] G. Bilardi and M. Sarrafzadeh, "Optimai VLSI circuits for discrete Fourier transform.” Ad-
:2: vances in Computing Research (1o appear). (SRC/NSF’IBM)
s
:':.‘_: {20} P. Czerwinski and V. Ramachandran. "Optimal VLSI graph embeddings in variable aspect ra-
A tio rectangles.” Algorithmica. vol. 3, no. 4. 1988 (1o appear). (SRC.IBM)
@
o 21] A.S. Hodel and M. C. Loui, "Optimal dynamic embedding of X-trees into arravs." Theoretical
e Computer Science (10 appear). (Kodak)
D /-':
e f22] G. L. Miller. V. Ramachandran. and E. Kaltofen, "Efficient paraliel evaluation of straight-line

code," SIAM J. Comput., vol. 17, no. 4. 1988 (10 appear). (NSF/SRC)

o

Ay (23] P. A. Peterson and M. C. Loui. "The general maximum matching algorithm of Micali and Va-
o zirani,” Algorithmica (10 appear). (ONR)
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K O (24] V. Ramachandran. "Finding a minimum feedback arc set in reducible flow graphs,” J. Algo-
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rithms. vol. 9, no. 3, 1988 (10 appear). (NSF/IBM)

O

251 M Sarrafzadeh. "On the complexity of the channel routing problem in the knock-knee model.”
[EEE Trans. CAD (10 appear). (SRC)
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WORK UNIT NUMBER 16

TITLE: High-Resolution Sensor Array Processing

SENIOR INVESTIGATORS:
T. S. Huang. Research Professor
W. K. Jenkins. Research Professor
D. C. Munson. Research Associate Professor

SCIENTIFIC PERSONNEL AND TITLES:

C. W. Chen, Research Assistant
R. P. Faust. Teaching Assistant

~ A. W, Hull Research Assistant
Fi' G. Kakazu, Research Assistant
o SCIENTIFIC OBJECTIVE:

The term “sensor array system’ refers to a large class of remote sensing systems in which
data are collected and recorded by many independent sensors. or by one sensor that is moved to
'n difterent spatial positions. The recorded data are processed by a digital array algorithm to produce !
a high-resolution object function. Some of the more important muiti-sensor array systems now in
use are svnthetic aperture radar (SAR)., computer-aided tomography (CAT), and beam-forming

::} sonar. The objective of the research in this unit is to develop both the theory and computer
Ny verification of new signal processing methods with the goal of overcoming current limits on resolu-
tion and data throughput rates for these systems. Specifically, we propose to develop reconstruc-
tion algorithms that: (1) can achieve high resolution from a limited amount of sampled data; (2)
! have small enough computational complexities that real-time implementation is feasible; and (3)

can be partitioned into sets of elementary operations suitable for VLSI realization.

N SUMMARY OF RESEARCH:

During the past vear our JSEP research has concentrated on two aspects of high-resolution
sensor array processing: adaptive filtering and beamforming algorithms. and signal and image
recovery from incomplete observations. In the adaptive area we have continued studyving discrete
orthogonal transforms for improving convergence properties in adaptive finite impulse response

> ‘FIR) digitcl filters that operate in colored ncise environments. Also. we have extended the princi-

w ples of 1-D adaptive filtering into 2-D by creating a new 2-D adaptive filter structure having reduc-
ing computational complexity. In the area of signal and image recovery from incomplete observa-

- i1ons. we have developed a new algorithm based on the Hankel transform [or inversion of polar

- tormat Fourier data in tomography and svnthetic aperture radar. We have also performed exten-

i <ive comparison tests on several Fourier phase retrieval algorithms. and we have developed a new

o cigorithm fer discrete band-limited sigral extrapolation.

.,

N
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1D and 2D Adaptive Signal Processing

The least-mean-square (LMS) adaptive algorithm is the best known and most widely used
reai-time adaptive FIR filtering algorithm due to its simple computational requirements. However,
as VLSI digital processers become cheaper and more readily available, the question arises as 1o
whether more effective real-time algerithms can be found that take advasitage of increased compu-
tational resources as thev become available. It is well known that a real-time decomposition of the
incoming signal into a set of nearly orthogonal components leads to faster convergence rates when
the adaptive svstems trains on colored noise inputs. In this work, transform domain processing
was characterized by the effect of the transform on the shape of the mean-square error surface. It
was shown that the effect of an ideal transform is to convert equal error contours. which are ini-
tially hypereliipses in the parameter space. into hyperspheres. Four real-valued orthogonal
iranstorms were 2xperimentally compared and evaluated in terms of learning characteristics for
Jd:fferent classes of input signals. The discrete Hartley transform. a relatively obscure real-valued
ortnogonal transform. was shown to perform verv well in comparison to the Walsh Hadamard
transiorm. discrate cosine transform. and a custom-designed. power-of-2 transform.

In the area of 2D signal processing. a new 2D adaptive digital filter was created by applving
an LMS adaptive algorithm to the parameters of a McClellan-Chan 2D digital filter. By applying
the edaptation o onlyv the 1D prototype coefficients. while keeping the parameters of the McClellan
mapring fixed. a constrained adaptive filter resulted that requires the update of only M~-1 parame-
ers al each iteration {as opposed 10 (M+1)" for a conventional 2D structure), where M=(2N+1)/2
and N s the length of the 1D FIR prototvpe. Three features make this design particularly useful:
1: the classes of achievable designs include many important tvpes of filters that are useful in prac-
tical 1mage processing: (2) the computational complexity is sufficiently reduced compared to a
direct Torm LMS structure that implementation in real-time applicatioiis becomes an economic pos-
simlitys and £3) the convergence rate of the new structure is much faster than a direct form 2D
1MS aiter.

Signal and Image Recovery from Incomplete Observations

We have developed a new aigorithm for reconstructing a 2-D image from a finite set of its
campled proections. The algorithm. which we have named the Hankel Transform Reconstruction
HTR? algerithm. is polar-coordinate based. The algorithm expands the polar form Fourier
‘runsiorm F(z.0. of an image into a Tourier series in 8 caiculates the appropriatelv ordered Hankel
transivrm of the ccefficients of this series. giving the coefficients for the rourier series of the polar-
tormoamage {(p.d ) resoives this series. ziving a polar-form reconsiruction: and finally, if desired,
nrerpolates this reconsiruction to a rectihinear grid. We have developed both the theorv and
discreiz implementation of the HTR algorithm and have investigated errors arising in its implemen-
tation. We have alsy compared 1t with thae pepular convolution back-projection algorithm and
cound that the HTR aigorithm can take a factor of 2 less computation.

“We have performed extensive computer simulations 1o compare several phase-retrieval algo-
srnmes cailh respect 1o noise sensilivily and computational requirements. Specificallv, the follow-
noeigoritnms were studied: fa) selving a set of nonlinear equations hased on autocorrelation func-
“ions booteratrvely going back and torth between the spatial and frequency domains and impesing
sreen constraints o each domain: (o) doing many 1-D spectral factorizations and then searching for

nastent 2-D solution: (d) doing 2-D speciral factorization directly by zero-tracking in the com-
=on riane I nes heen found that method (b) s superior 1o the others,

Pornailvodn tae area of extrupoiation we have develiped a new alyerithm for discrete band-

St awndl e¥lrapelaion thal cutreriorms 2xisting aigorithms. This new algorithm recursivelw

amUee The ANy CURCLIOD 1N e Dreglenc. aoman 10 mawe the energy of the weighted signal
coonrate o the sabsnace O DASIC TUnchns used o represent the unknawn signal.
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PUBLICATIONS

JSEP-SPONSORED PUBLICATIONS:

(1]

T. S. Huang, K. A. Rinaldi. and H. Lee, "Comparison of phase retrieval algorithms." in Digiral
Signal Processing. V. Cappellini and A. G. Consiantinides, Eds., North Holland.
1987. (JSEP)

W K. Jenkins, "Analog signal processing.” in The Encyclopedia of Physical Science and Tech-
nology. Robert A. Mevers, Ed.. Academic Press, Inc.. pp. 571-598. 1987. (JSEP/NSF)

H Lee. D. P. Sullivan. and T. S. Huang. “Improvement of discrete band-limited signal extra-
polation by iterative subspace modification.” Proc. JEEE Int. Conf. Acoustics, Speech, Signal
Processing. Dallas. TX, Apr. 6-9, 1987, pp. 1569-1572. (NSF, Motorola, Hughes, JSEP)

D C. Munson, Jr.. "An introduction to strip mapping synthetic aperture radar,” Proc. IEEE
Int Conf. Acoustics, Speech. Signal Processing. Dallas. TX, Apr. 6-9. 1987. pp. 2245-2248.
{ARO. JSEP)

W. K. Jenkins, M. Naveri, D. F. Marshall, and W. Hull, “An important research problem: Al-
ternate realizations of adaptive digital filters.” Proc. 30th Midwest Symp. on Circuits and Syst.,
Svracuse, NY. Aug. 16-17, 1987, pp. 721-724 (Invited). (JSEP/AT&T)

W K. Jenkins. J. J. Murphy. and D. F. Marshall, "The use of the discrete Hartley transform
for improving convergence rates in adaptive FIR digital filters,” Proc. Int. Symp. on Electronic
Devices Circuits and Systems. Karagpur, India, Dec. 1987, pp. 761-763. (JSEP/AT&T)

W E. Higgins and D. C. Munson. Jr., ™ A Hankel transform approach to tomographic image
reconstruction,” [EEE Trans. Medical Imaging. vol. 7, pp. 39-72, Mar. 1988. (Shell Oil
Co. JSEP)

PUBLICATIONS UNDER OTHER SPONSORSHIP:

(8]

University of Illinois at Urbana-Champaign

E. J. Diethorn and D. C. Munson. Jr.. "Linear. time-varving svstem characterization and
design of discrete-time. bandlimited extrapolation algorithms.” Proc. IEEE Int. Symp. Circuits
and Syst.. Philadelphia, PA, May 4-7, 1987, pp. 839-842. (\SF)

M. Nayeri. D. F. Marshall, and W. K. Jenkins, "Relationships between error surfaces and
adaptive architectures in adaptive filters.” Proc. [EEE Int. Symp. Circuits and Syst.. Philadel-
phia. PA. Mav 4-7. 1987, pp. 777-780. (AT&T)

O Arikan and D. C. Munson. Jr.. “An analysis of kevstone format spotlight mode synthetic
aperture radar.” Proc. T'wenty-first Asilomar Conf. Signals, Svstems, Computers, Pacific Grove,
CA. Nov. 2-4, 1987 pp. 690-694. { ARQ)
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‘::.{:_ J C. Chen. Graduate Research Assistant
','-.:'_.: J. V. Krogmeier. Graduate Research Assistant
;" G. J. Li, Graduate Research Assistant

D. R. Wagner, Graduate Research Assistant

S

::".-f:i SCIENTIFIC OBJECTIVE:

The research in this unit is motivated by the observation that modern signal processing cannot
( { be dcne in real-time on a single sequential processor. To achieve real-time operation. signals gen-
.,p erated by sensor-array systems must be processed in a pipelined and/or parallel mode using a large
:4-: number of fast., dedicated processors working in unison. The objective of this work unit is to
-'\:,-\. develop high-throughput, VLSI structures for the real-time implementation of high-resolution
:-(?_ algorithms developed in Unit 16 for sensor-array systems such as synthetic aperture radars,
N beam-forming sonars. direction finders, and x-rav CAT scanners.

2, s
y 2

2

PR

b SUMNMIARY OF RESEARCH:
:::—::.'_ Research on this unit for the period April 1987 through March 1988 has concentrated on (1)
";-::: parallel and pipelined VLSI structures for fast digital filtering, (2) systematic design methodologies
3k for mapping algorithms to VLSI structures, and (3) the application of RNS arithmetic 10 modular
-?. " VLSI design.
n::-:’_‘ Earlier, we repcrted the development of new parallel VLSI structures for high-speed FIR and
N lIR digital :iltering [2]. The structures we have studied are block versions of the sequential direct-
"_::.:-: form. cascade-form. and parallel-form. These block structures produce multiple outputs per mul-
«.J-:: tipication cvele tunlike the classical sequential structures that generate one output in the time
P required {or cne multiplication); and are. therefore. capable of achieving throughput rates much
AN figher than the clock rate of the chip. In this reporting period. we have studied the effects of finite
‘A 2ndlength on these structures and have concluded that the finite-precision behavior of the new
‘_:-:::- structuras fas measured by ¢conventional means such as the variance of round-off noise, or the sen-
g sitioits of the transfer function 1o coefficients, is superior to sequential structures. However. block
A structures have other problems /that are unique to them) caused by finite wordlengths. Stability
of *he rezlization can become a problem when the parameters are quantized. Moreover. the overall
svelem might hehave as a time-variving svstem as a result of coefficient gquantization. We have
R developed a new kleck structure that is guaranteed to be time-invariant and siable even in the
':-'::- nrescence ot ccefficient guantization errors {3). We are currently working on schemes to
18N
-
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mncorporate pipelined coefficient multipliers in the block structures and thus further increase
throughput rates [4].

During the past year. our research on systematic design methodologies for mapping algerithms
10 structures has focussed on three related issues: (a) complexity of layouts in VLSI circuits, (b)
design of buffers for macropipelines of systolic arrays. and (¢) design of systolic arrays for
evaluating dvnamic programming algorithms. We have examined the complexities in volume and
maximum wire length of mapping circuits represented as undirected graphs to three-dimensional
VLSI systems [6. 16]. Tighter bounds than those previously known were obtained for various
families of graphs in both the one-active-layer and the unrestricted layouts. A cost model was also
developed to optimize the cost of implementation with respect to the third dimension. In the design
of a macropipeline of systolic arrays, one major problem is the conversion of outputs of one svs-
tolic array in one given format to inputs with a possibly different format to be fed to another sys-
tolic array in the macropipeline. A common memory is a potential bottleneck and may limit the
number of systolic arrays that can be connected together. We have studied designs of buffers to
convert data {rom one format to another [5]. The maximum number of buffers was determined by

a dynamic programming algorithm with O(n?) computational complexity. where n is the problem
¢ize. A general-purpose convertor to convert data from any distribution to any other from a subset
of the pessible data distributions was also proposed. Buffer designs for a macropipeline to perform
feature extraciion and pattern classification were used to exemplify the design process. In the
design of systolic arrays for problems formulated in dynamic programming, we have classified
these problems as monadic-serial, polyadic-serial, monadic-nonserial. and polyadic-nonserial [7].
Problems in serial formulations can be implemented easily in systolic arrays: however, nonserial
problems mayv have 10 be transformed into a serial one before an efficient implementation can be
found. A monadic-serial dynamic programming problem can be solved as the search of an optimal
path in a multistage graph and can be computed as a string of matrix multiplications. Three
efficient svstolic-array designs were presented. A polyadic-serial dynamic programming problem
can be solved by either a divide-and-conquer algorithm or the search of optimal solutions in a
serial AND OR graph. We have evaluated the asymptotically optimal architecture for divide-
and-conquer algorithms and have developed efficient methods of mapping a regular AND/OR graph
inte svstolic arravs. Cases were studied for transforming a problem in a nonserial formulation into
a seriai one.

We have continued to study the application of RNS arithmetic to designing VLSI modules
that can be used for high-resolution sensor array processing [8]. It was discovered that an interest-
ing trade-off between speed and hardware complexity (i.e.. silicon area) can be achieved with an
RNS digital-serial scheme that has been called a serial-by-modulus (SBM) architecture. With this
scheme the residue digits X,. X,. ... .X; are processed sequentially one after the other. but the pro-
cessing of each residue digit is bit-parallel. Roughly. the SBM architecture operates L times slower
than a fullv bit-parallel architecture, but the required silicon area is reduced by a factor of L. If
the moduli are each b-bit integers so that there are b parallel bit lines through the entire processor,
then roughly the SBM architecture will operate b times faster than a fully bit-serial architecture,
‘while requiring b times the silicon area. SBM represents a compromise between the low speed of
bit-serial arithmetic and the high cost of bit-parallel arithmetic. In [10] and [17]. the theory of
processor design based on SEM-RNS arithmetic was developed. In particular, standard cell design
was propesed and the design of a mixed radix convertor with SBM-RNS arithmetic was presented.
It is anticipated that although SBM circuits will be slower than fullv parallel circuits. thev will be
more zmenabte to testing and fault tolerant design. We intend to continue our investigation of
these nen VLSI structures.
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b SCIENTIFIC OBJECTIVE:

s Our group has been and is in the forefront of research on a wide array of problems in adap-

tive systems; some of the problem formulations, methods and results which have originated in our

v research group have been accepted by leading researchers worldwide and are being experimentally
e tested. This accumulated experience and knowledge in the field puts us in the best position to
W) address the underlying fundamental issues and to develop a theory for adaptive algorithms which
: operate in partially modeled environments.

X Our approach embodies the philosophy that adaptive systems, be they adaptive filters, estima-
k= tors and controllers, or diagnostic and tuning software for automatic quality control and mainte-
B nance. are logical on-line extensions of well-tested off-line algorithms and. as such, should inherit
N, the:r robusiness properties. To achieve this level of realism, we allow our convergence and stabil-
:: 1ty conditions to be signal-dependent and guarantee them in the domain of interest, rather than glo-
:,, bally. This closes the gap separating the realistic conditions from the mathematically appealing
‘ .’ gional results derived under unrealistic and unverifiable modeling assumptions. The robustness

o properties guaranteed by our approach will compensate for the loss of fictitious globality.

::f: Toward this general objective, one of our goals in this research project is 10 investigate the key
" guestion of whether there are self-tuning algorithms with the important feature that the algorithm
n will automatically tune itself to a correct regulator for a given unknown system. Earlier versions
‘4 o: such algorithms have had a big impact on the practical control of a certain class of svstems and

are also beginning to be fabricated on chips and :nstalled in industrial plants. vehicles, ships, and
other communication and control equipment.

Our second goal is to examine the behavior of the algorithms in a variety of environmenits
» here precise modeling assumptions are violated. Following the first encouraging results. one of
our ohjectives is to develop a methodology to design algorithms that are capable of using the avail-
anle a priori information about systems to be identified. estimated and/or controlled. and 10 avoid
limitaticns imposed by preselected parameterizations. We instead plan 1o use existing phyvsical
rarameters and thus enhance not only robustness but aiso serviceability of the controi instrumen-
tat.on.
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SUMMARY OF RESEARCH:

A major objective in this research unit is to develop a design methodology for robust adaptive
contrel and estimation. To enhance robustness of these algorithms in incompletely known or vary-
ing environments. it is important to make them capable of using the available a priori information
and to evaluate bounds for their robust operation.

A significant accomplishment in this direction is our result on robust adaptive regulation of
nonlinear systems with unmodeled dynamics. This result combines recent advances in the three
hitherto separate areas: feedback linearization, adaptive control. and asymptotic analysis. A
novel use of these techniques has led to a guaranteed region of robust operation in the presence of
both parametric and dynamic uncertainties. Moreover, the analytical bounds are in the form
which allows a robustness comparison of adaptive and nonadaptive control strategies. A sermiquan-
titative trade-off is established showing when an adaptive approach is superior to a nonadaptive
design.

We have studied the issue of designing adaptive controllers which combine good performance
along with robustness. Specifically, for linear stochastic systems we seek performance as measured
bv a minimum variance criterion that is optimal under ideal conditions: i.e., when the plant is of
the order assumed, is of minimum phase. the delay is as assumed. and the noise polynomial satisfies
a positive real condition. Moreover, we seek stability of the adaptively controlled system when
these assumptions are violated to some degree. We have been successful in exhibiting an adaptive
control algorithm that achieves optimal performance under ideal conditions as above and also

i) maintains stability when the positive realness assumption is dropped,

i1) maintains stability in a graph topological neighborhoods (of computable size) of ideal systems,
and

iii) maintains stability in a similar neighborhood when the adaptive controller is used in a non-
vanishing gain mode.

Work has also continued on the design of dynamic controllers (filters) using the projective
contrels methodology. This method is based on an extension of the basic linear-quadratic optimiza-
tion approach of control svstem theory. Emphasis has been placed on incorporating frequency
weighting into the optimized index to provide increased robustness properties in the final design.
A parameterized design approach has resulted that yields good performance in the presence of
unmodeled dynamics.

Robust-adaptive control using low-order controllers, without on-line plant identification. is
being explored and preliminary results for a one-link flexible joint robot have been obtained. The
approach describes the nonlinear robust arm by multiple linear models corresponding to multiple
operating points and seeks a low-order controller using a three-stage procedure: (i) a class of
parameterized controllers is determined for a nominal operating point using the projective controls
approach: (ii) a robust controller is determined for the entire range of operation characterized by
linear models at multiple operating points by using Hankel singular values-based approach to select
the {ree controller parameters to achieve robust performance; and (iii) an adaptive controller is
obtained by allowing critical free controller parameters. identified in the robust design phase. to
adapt to improve system performance. A decentraliz.d control strategy with robust. or adaptive.
contrcllers will be sought using the decentralized projective controls approach 10 obtain the collec-
tion of parameterized low-order controllers.
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SCIENTIFIC OBJECTIVE:

Attempts to harness several newly emerging technologies. which lead naturally to large-scale,
computer-controlled systems, have given rise to a significant interest in the underlying field of dis-
tributed and decentralized systems. Most of these systems incorporate task decomposition. mul-
tilevel coordination and control, and distributed estimation and computation. Some of them
diverge from classical systems in that the basic phenomena governing them are event-driven and
discrete. Examples of such event-driven svstems are many and include automated VLSI produc-
tion systeras for making printed circuit boards or fabricating wafers in large volumes in flexible
elecironic assembly systems, communication networks for data transmission, and interconnected
computer svstems. Theyv require descriptions in terms of discrete quantities such as the number of
PC boards to be retested, or other dvnamic. logical and linguistic variables: and they operate as
event-driven. asynchronous, largely nondeterministic processes, and hence must be analvzed as
such. The basic goal in studying such large. complex, and. typically, distributed and decentralized
svstems is. firstly, to design them for efficiency and then to control and coordinate them to attain
this efficiency. Important issues that arise in the modeling. control. and coordination of such sys-
tems are information flow, learning, aggregation, time scale separation, decentralized estimation,
and distributed computation. The principal objective of this research unit is to study such issues in
order to enhance our understanding of the behavior and control of large-scale. computer-controlled
svstems in a distributed network. under uncertainty and decentralization.

SUNMMARY OF RESEARCH:

We have continued our study of distributed systems under deceniralized nonclassical infor-
mat:on from the points of view of optimum strategy design, performance evaluation, and computa-
tional alyorithms. Such systems arise in practice when the controller memory is limited. requiring
each action to depend on the most recently available information. or when the physical svstem is of
large size and involves varicus subsvstems that are individually responsible for specific control
acuiers and there is a delay in the transmission of measurement and contro! information from one
subsvsiem to another. In general. neither analvtical tools nor numerical methods are known to
ex:st [¢r such preblems. During this past vear we have shown that indirect techniques (based on
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bounds from information theory or constructed from related zero-sum games) can be used 1o
obtain the opuimal solution for some classes of such problems, defined on both finite and infinite
herizons. For other classes of problems. we have made performance evaluations using nonlinear
strategies for basically linear-quadratic problems. We have also considered the situations when the
communication medium has unknown statistical description and have solved for worst case perfor-
mances under a varietv of fidelity criteria. On the algorithmic side, we have studied the design of
decentralized asvnchronous algorithms for on-line computation of optimum controllers, under
minimum information-sharing among the subsystems of a distributed system.

We have made some fundamental advances in the control of large discrete-event systems,
such as flexible manufacturing/assembly/disassembly svstems or systems for VLSI wafer fabrica-
tior. Such svstems typically involve a large number of machines, interconnected by a transporta-
1ion network, that are required to produce a specified mix of part-types at a desired rate. A major
problem in running such automated systems is that of "scheduling,” where decisions must be made
at each point in time on what part-tvpe a given machine is to work on. Classical approaches have
treated this problem as an optimization problem, but this approach quickly becomes intractable due
0 the large number of decisions involved. We have developed a new “closed-loop" scheduling
approach that provides real-time scheduling algorithms that can be implemented in a distributed
fashion at the various machines based only on local information possessed by the machine regard-
ing the contents of its cwn buffers. This scheduling algorithm guarantees the stability of the
overall manufacturing system in the sense that all buffers are guaranteed to remain bounded and
the overall preduction rate of the entire manufacturing system equals the desired production rate
for every part-tvpe.

We have also investigatad the simulated annealing algorithm for global optimization, which is
a Monte-Caric method that is essentially a modification of standard descent algorithms so as to
allow for occasional uphill moves. This probabilistic modification is introduced to allow the algo-
rithm 10 escape {rom local minima and reach a global minimum. A critical question here is the rate
at which the probabilistic medification should be reduced to zero. i.e., the rate of “cooling” in order
10 guarantee that such a global minimum is hit with probability one. We have developed a new
theery for Markov processes and determined necessary and sufficient conditions to guarantee that
the algorithm reaches a global minimum. This new theory allows the study of asymptotic
Hehavior of a class of Markov processes where the transition probabilities are proportional to
oewers of a diminishing time varving parameter, i.e., singularly perturbed Markov chains with
v@nishing smali parameter.
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TITLE: Robust Feedback Control of Nonlinear Systems
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SCIENTIFIC OBJECTIVE:

For physica! devices running the gamut from rotating machinery to opto-electronic laser posi-
tioning svstems. nonlinearities constitute an essential part of any reasonable model. Revolutionary
developments in microelectronics, coupled with recent breakthroughs in the understanding of the
structural properties of nonlinear dynamic systems. open up new possibilities for the synthesis and
implementation of feedback controllers in order to meet the steadily rising needs for higher perfor-
mance and increased eficiency. However, even the most powerful analvtical tools that are available
today. such as exact linearization via feedback. nonlinear input-output characterizations, and
geometric conditions for noninteracting control and disturbance rejection, still require that exact
noniinear modelis be available. This is in direct conflict with the fact that the mere presence of non-
linearities makes accurate modeling and identification difficult. Consequently, controllers based
upon the currently available theory could be highly unreliable.

To remedy this situation. some fundamentally new lines of research are needed for the design
of realistic robust controlliers for nonlinear svstems. Driven by this need, our research program has
two kev objectives. The first is 1o develop a fundamentally new geometric-asymptotic approach for
the svnthesis of robust nonlinear controllers: this approach will combine the advantages of exact
geometric notions with estimates of sensitivity and robustness obtained from an asymptotic
analvsis and will build upon synergisms of two types of expertise available within our research
team. The second objective is to deal with circumstances where desired levels of performance can-
not be achieved by feedback: it is then necessary 1o restructure the nonlinear systems. Our objec-
tive here is to develop a methodology for reconfiguring nonlinear systems for robustness enhance-
ment.

SUMNMIARY OF RESEARCH:

{).er the past vear. we have made remarkable progress in the studyv of robust feedback con-
irol Tor nonlinear discrete-time svstems. In particular, we have developed an entirely new
appreach o adaptive robust control for such svsiems. The essenual idea involved is to fragment
modeiing uncertainiy in a physical plant mto “"small” families of plant models for which robust
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LTI controllers can readilv be designed. We refer to these smaller families as "operating points.”
We then adapt between these robust controllers K, by implementing a convex combination of the
K. the parameters of which are tuned based on error measurements. One of the most endearing
features of this approach is that the particular methodology used to design the individual controll-
ers K, is not prescribed. One could use H™ -optimal control or LQG/LTR methods. We have been
able to construct a tuning algorithm for these adaptive robust controllers that yields input-output
stability in the sense of Desoer. This stability notion is much stronger than that of state or
Lvapunov stability and permits us to treat disturbance rejection problems for nonlinear plants.

Using this approach we have been able to determine an absolute, computable, tight band on
the ability to adaptively stabilize a plant against unmodeled dynamics. This result, in our opinion,
represents a definitive answer 1o the question of determining the extent to which unmodeled
dvnamics jeopardizes feedback syvstem stability.
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SCIENTIFIC OBJECTIVES:

Problems involving the interaction of the elements of a multiple-user communication network
are among the most important and most challenging problems in electronic communications. The
pericrmance of a communication network depends in a veryv complex way on the routing algo-
rithm. flow control mechanism, acknowledgment procedure, channel access protocol, error-control
code. signaling scheme. receiver processing method. and svnchronization technique emploved in the
lcwer three lavers (network laver. data link layer. and physical layer) of the ISO-layered model
for the network. The objective of our research in multiple-terminal digital communications is to
gain a better understanding of the interplay between these elements. Our research will focus on
the issues that arise in mobile radio networks, particularly spread-spectrum radio networks. that
must operate in hostile environments that include jamming and fading. This imposes additional
requirements on the network in terms of robustness and survivability that will be accounted for in
our research.

One of the objectives of our research is to develop rew signaling methods and receiver pro-
cessing techniques that will exploit the implicit and explicit redundancy that is present in the sig-
nals and messages. Such redundancy exists in the phvsical layer (diversity transmission. multipath
signals. and modulation), the data link laver (error-control coding), and the network layer (redun-
dant packets and messages). We are particularly interested in the efficient use of implicit and
axplicit diversity in sprecd-spectrum radio transmissions (o improve communication performance
under stressed conditions (e.g.. jamming or heavy network traffic). Another objective is to develop
netaork protocols that ar2 compatibie with and take advantage of the features of spread-spectrum
moduiation. Of particular interest are algorithms for distributed scheduling of transmissions. A
“hird “bjective s ¢ examune the svnchronization problem for spread-spectrum radios. Efficient
netaork creration reguires fast acquisition of the spread-spectrum signals. Moreover. the acquisi-

,On dnd sCAChronization svstems must be abie to operate in the presence of multipie transmissions.
emrning. and tading 1o be of anyv use in a miiitary communications network.

University of Illinois at Urbana-Champaign Coordinated Science Laboratory

NEANTRAT '\.',\ B “n \‘F\n\«p‘
A A, Wum 'A \a\a\nhﬁuuhh\




5

-
as
LIy 2y 4
{ '(

ﬂl

~
-

"
r 2
P'd
L) "

-
]
LYY

«

-

s

1 Pev e
. et e
AR

S‘.'VQA— ]

v

D)
N
B
ettt

4_,
" ‘U

Ty} :.: \.%

LA,

v » il
LA A I’.“l
1 E ) Ry « N
L’

a
e

N "v
“

.
R

O o

FS S
.l‘l" "
S,

'
»

80

SUMMARY OF RESEARCH:

Adaptive Coding for Meteor Burst Communication Links

The trade-off between error rates and transmission time was identified in our proposal as a
keyv issue in the design and development of meteor burst communication systems and networks.
Because we feel that adaptive error-control coding can play a very important role in this trade-off,
we have conducted an extensive investigation of adaptive coding for metenr burst communication
links. Because of the nature of the meteor burst channel, it is clear that higher throughput and
lower error rates can be achieved by adapting the code 10 the channel.

There are two approaches 1o adaptive coding in this context: adaptive selection of a fixed-rate
code from one trail 1o the next and adaptive variable-rate coding. Even if the code rate is fixed
throcughout the lifetime of a meteor trail, the fact that some trails decay faster than others should
be accounted for in the selection of the code rate. The simplest method uses a code of fixed rate
throughout the life of the trail but varies the code rate from one trail to the next, which is inter-
trail adaptation using fixed-rate codes. Use of this type of adaptation reguires estimation cf the
decav rate for each meteor trail.

There is also an advantage in varving the rate of the error-correcting code during the lifetime
of a meteor trail. Tvpically. the reflected signal is very strong when the trail is first formed so that
@ code with a small amount of redundancy is sufficient for correcting the few errors that occur.
Such codes will provide high throughput in the early phases of the meteor trail. As the trail
expands and breaks up. however, the reflected power is reduced. so that it is necessary 1o correct a
iarger number of errors. As a result, more redundancy must be used during the latter phases of
ihe trail’s existence. To some extent. the sequence of rates for the variable-rate code can be selected
at the beginning of the trail by estimating the signal sirength and the decay rate.

The potential improvement for inter-trail adaptation using fixed-rate and variable-rate Reed-
Solomon coding on the meteor buist channel was investigated in {30]. The model used in [30]
assumes exponential decav in the received power as a function of time. The approach used for
daptation in this paper is based on a selection of the code rates for a packet to send a fixed number
f infcrmation svmbols. The rates selected depend on the estimates of the received power and
decayv rate obtained during the initial part of the packet.

£

o

An optimal algorithm is given in [30] for selecting the set of code rates to be used to transmit
2 Axed number of :nformaticn svmbols on a given meteor trail. In comparisons of variable-rate
codes and fixed-rate codes for inter-trail adaptation, the former were found to give performance
imprevements in the range of 0.5 to 1.0 dB over the latter. We found that the selection of the rates
for ke variatle-rate code does not depend very strongiy on the initial value of E;"Nj for the trail:
it does. however. depend critically on the decay rate.

More general code-rate adaptation can be implemented if the transmitting terminal continu-
aliy moniters the signal strength at the receiver and adapts the code rate throughout the packet.
This can be based on power measurements on the return channel or on feedback information from
the recetver. Both of these require full duplex operation. The former requires the link 10 be svm-
metrical and hidirectional. while the latter only requires the link to be bidirectional. The method
cevelored in [30; can be applied at several stages during the decay of the meteor trail to give con-
uinual adaniation througnout the packet. A trade-off exists between the performance of the result-
iny varizhie-rate code and the amount of computation required by the algorithm. More frequent
spriration of the aigorithm during the :iransmission of the packet requires more computation but
clsC ov2s 4 ode that s closer to the optimum.

Syvnchronization of Direct-Sequence Spread-Spectrum Systems

"We huve ~tadiad the acguisition of sunchronizalion in a direcl-sequence spread-speclrum syvs-
em e o« ~2uuential search technigue with adaptive time-varving thresholds and varyving dwell
“imes This scheme aliows for false hvpotheses about the signal epoch to be discarded relatively

University of Illinois at Urbana-Champaign Coordinated Science Laboratory
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quickly and still achieves the same miss probability as schemes with fixed thresholds. Critical 10
the cperation of this scheme is a uniform bound on the aperiodic autocorrelation of a PN sequence
that allows false hvpotheses 10 be rapidly discarded. We have also obtained considerable experi-
mental evidence that our bound is quite weak and that our estimates of the time required to
acquire svnchronization are rather pessimistic; actual system performance should be much better
than our estimates.

We have studied parallel acquisition techniques that consider multiple hypotheses about the
signal epoch in order to reduce the acquisition time. In the case of a PN sequence code of period N,
one correlator with an integration time of one chip can be used to compute N single chip correla-
tions. The decision statistics are then just the Hadamard transform of these correlations. If a com-
plete period of the PN sequence is available, this scheme can be viewed in the context of orthogonal
signalling and the well-known results on orthogonal signalling used to obtain results on system
performance. However. we are interested in the effectiveness of this apprr.ach when fewer than N
chip correlations are available. as would be the case when the PN sequence has a very large period
anc the delay in computing all N chip correlations is prohibitively large. This problem is compli-
cated by the fact that when the Hadamard transform of a partial period is computed. the decision
statistics are no longer independent random variables. The results on nonorthogonal signalling are,
of course. applicable but not particularly useful in that the bounds obtained on system perfor-
mance are rather weak. We have obtained some simple and better results by more detailed con-
siderations of the structure of the PN sequence.

Graph Algorithms for Independent Sets

Significant progress was made during the past yvear on the average case performance analysis
of simple greedyv algorithms for finding maximum cardinality independent sets in graphs and for
other problems. An independent set of an undirected graph is a set S of nodes such that no two
nodes in S are neighbors of each other. The problem arises in many contexts, for example, indepen-
dent sets in the hearing graph of a radio network correspond to sets of stations that can simultane-
susiy transmited and. in certain iterative concurrent algorithms. independent sets in problem-
related graphs correspond to sets of variables that can be simultaneously updated. Since the prob-
iem s widelv believed to be difficult (not just because it is NP-hard), it is desirable o use fast,
though approximate. algorithms. For example. one heuristic is to search for minimum degree nodes
anc add those to the independent set sought. We analyzed the average performance of this algo-
rithm tor large random graphs by observing that its behavior tends to be predictable and is. more-
over. described nyv certain differential equations when applied to large random graphs. Numerical
analvsis of the differential equations suggests that the algorithm is, with high probability. optimal
for large random graphs with mean node degree less than e = 2.718 . ... We have found that our
method of analysis is useful for studying the average case behavicr of more complicated algorithms
for scheduling transmissions in a spread spectrum packet radio network as well.
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o SCIENTIFIC OBJECTIVE:

Statistical signal processing functions such as signal detection, estimation, and identification
play a key role in the development of effective communications, radar, and sonar systems. For
exampie. advanced statistical methods are emerging as being particularly important in digital com-
munications cystems operating in channels corrupted by interference from such phenomena as

multiple-access noise. intentional jamming, and impulsive noise sources. Conventional demodula-
tion methods. such as coherent matched filtering, often suffer serious performance degradation
when subjected to interference of these types: however, this degradation can frequently be elim-
inated through the use of more sophisticated signal processing techniques.

%

A central issue in the design of effective signal processing procedures for systems operating in
channels such as those noted above is that of channel identification. Although certain aspects of
channel identification have been studied extensively. one area in which there is a pressing need for

further research is that of identification of impulsive channels. Natural impulsive phenomena are
. major noise sources in manyv types of channels including ELF electromagnetic and under-ice acous- :
tic channels. Moreover, man-made impulsive phenomena are a principal background noise source in
the environments in which military radio networks must operate. Thus, since it is well established

" that impulsive noise can be extremely detrimental to the performance of communications. radar,

and sonar systems if not properly suppressed and since impulsive channels often exhibit nonsta-

tionary characteristics, the development of effective techniques for identification and tracking of

- the characteristics of impulsive noise channels is an important problem in the development of sys-
-~ tems that can approach the performance limits set bv such channels.

The overall objective of this research project is to study the general problems of identification

o and tracking of impulsive channels. A thorough study of this area is planned. including the

o development of suitable channel models. the derivation and analvsis of optimum batch and recur-

sive nenlinear estimation algorithms for identification tracking, and the application of these algo-
. rithms to develop adaptive techniques for the reception of signals passing through impulsive chan-
- nels. It is anticipated that the results of this study will find application in a broad class of areas
) including digital communications, sonar, and radar.
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SUMDMIARY OF RESEARCH:

Our research efforts during this reporting period have focused on two principal aspects of the
problem of identifying impulsive channels. These are: (1) parameter estimation in canonical
statistical/physical models for impulsive channels and (2) probability density estimation for gen-

eral parametric channel noise models.

Our work in the first of these areas has focused on the Class A Middleton model, which is a
phvsically based model that is known to accuratelv characterize a wide variety of impulsive
phenomena. including under-ice acoustic noise and man-made electromagnetic interference. This
model has two basic parameters. A and I'. that characterize the frequency and severity of the
impulses. In this reporting period, we have explored several techniques for estimating these param-
eters from channel measurements. This work. which is reported in [3.4,18], has considered both
batch and decision-directed recursive algorithms for this purpose. For each type of algorithm, we
nave found efficient and practical global techniques for estimatling these parameters, and we have
verified the favorable performance characteristics of these algorithms through exiensive simula-
1ions

In the second of these two areas, we have undertaken a theoretical analysis of the rates of
convergence of probability density function estimates for situations in which the density function
can be assumed to be a member of a smooth parametric family. These convergence rates lead to
performance approximations that are applicable to 2 wide range of stochastic models including. in
particular, impulsive noise models. In [17] precise asymptotics are obtained for the cumulative risk
o Baves estimators of density functions in smooth finite dimensional families using an entropy-
based loss funciion. In other research [1] rates of convergence are obtained for maximum likeli-
hood density estimation based on sequences of exponential families of growing dimension.
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WORK UNIT NUMBER- 23
TITLE: Basic Research in Electronics

PRINCIPAL INVESTIGATOR:

W. K. Jenkins, Director and Research Professor

SCIENTIFIC OBJECTIVE:

The objective of this research is to sponsor new initiatives on basic problems of electronic
materials. devices. and systems in a timely manner and to provide early funding on the start-up of
projects that present immediate opportunities of high scientific merit.

SUNDMARY OF RESEARCH:

A total of $250K of JSEP discretionary funds has been committed for a new MBE "Octopus”
facility that is housed in the Cocrdinated Science Laboratory (CSL) and which is supported and
operated jointly by CSL. the Materials Kesearch Laboratory (MRL), and the Microelectronics
Laboratory. The JSEP commitment is S100K for the first year, $100K for the second. and $50K for
the third year of the current JSEP contract. A team of researchers from the University of Illinois
at Urbana-Champaign designed this unique facility in which state of the art surfaces, interfaces,
and multilayers can be synthesized. This new facility is called the EpiCenter, an abbreviation for
the U of I CSL-Microelectronics Joint Center for Epitaxial Growth and Surface Science. About
$500K is scheduled from University of Illinois at Urbana-Champaign DOE Program funds for the
purchase of the MBE equipment over FY 86, 87, and 88. The remaining funds for the $6M facility
have been contributed by NSF/Materials Research Laboratory (S500K), NSF/Engineering Research
Center (S200K). JSEP ($250K), AFOSR (S600K), and the University of Illinois at Urbana-
Champaign. together with a gift from the Perkin Elmer Corporation of approximately $2.3M.

Seven MBE machines in the EpiCenter are interconnected by uhv ( 5x107" torr) stainless
steel transfer lines. From the same vacuum environment, it is possible to access advanced instru-
mentation for surface modification and sample characterization. The crystal growth equipment
forms a cross at one end of the 80" x 40 facility. Access to the clean environment of the facility
from an observation area is attained through an air lock, as indicated in Figure 1. A sample
preparation room providing class 100 clean space in laminar flow hoods is accessible only from the
main area. A lounge is provided for planning, discussion. computation, etc., during facility-related
activities.

Both the MBE machines and the uhv transfer lines were fabricated by the Perkin Elmer Co.
Figure 1t shows the configuration o the system. Machines 1 and 2 on Arm [ are III-V compound
machines with 2 adapted to gas-source research of Morkoc. Machines 3 and 4 on Arm II are
designed for work with metals (3). with both effusion and e-beam sources. and for polar ceramic
materials (4). Machine 5 is contributed by the University of Illinois at Urbana-Champaign
Engineering Research Center for device work, and the other machine. 6. on Arm IIl s custom
designed with e-beam hearths for research into growth of the group [V materials Si, Ge. etc.
Finally. machine 7 on Arm IV is specially adopted to Greene's research using ion beam mixing to
select particular growth paths of metastable structures. The complex thus contains a wide variety
ol ¢rystal growth environments that are not ordinarily compatibie with one another. Ceclumns Il
and \' eiements, for example. are eiectrically active dopants in group I\ semiconduciors and must,
therefore, be empioved with selective care in group IV svnthesis.
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A special feature of the complex is that the seven machines are interconnected bv uhv transfer
lines heid at a pressure of 5 x 107" torr. The purpose is to permit transfer of a given substrate
from one growth chamber to a second without surface contamination. This makes it possible to
grow on a given fresh substrate an epitaxial layer which is not compatible with the environment
needed 10 grow the substrate. The growth of GaAs on Si is a particular example of an imiportant
svnthesis problem of this type. The seven machines offer a unique flexibility for research of this
type into heteroepitaxy. In particular, the MBE and sample transfer equipment throughout is
adapted to 3" wafers so that any sample may receive successive processing in any desired sequence
of the seven growth chambers.

A variety of characterization and processing instruments are designed to attach on the ends of
the arms. These. also, are fully adapted to the 3" wafer size of the synthesis complex. This per-
mits in sizu modification of samples and structure characterization within the common vacuum
environment so that surface contamination is avoided. A substrate preparation chamber is attached
to the end of Arm [ so that substrates can be oxydized, sputtered, annealed. tested. etc. Opposite,
on the end of Arm IIl, a rotating anode x-ray source and diffractometer are being set up by Zabel
for in situ studies of surfaces and multilayers. On Arm IV a PHI XPS unit is being installed for
surface studies: its diagnostic capabilities are enhanced by added ion scattering spectroscopy. ultra-
viclet photoemission, and LEED capabilities. These are in addition 10 the RHEED and mass spec-
troscopy diagnostics in each MBE machine. Further, MBE machines 1, 3. and 7 are being specially
equipped for ellipsometry. fluorescence, and other optical probes of film growth. Efforts are now
being made to obtain Rutherford backscattering equipment for interface and surface studies on
Arm IV of the system. A planned future development is the installation of focussed ion beam
materials modification and an electron microscope on Arm 1. Plans call for the experimental area at
the end of Arm IV to become a surface science complex to which freshly grown surfaces from the
compiex can be transferred.

At the present time, the building remodeling has been completed and all the equipment has
been installed in the room. Representatives from Perkin Elmer are now working together with
faculty and staff of the university to bring the equipment to a fully functioning state. During the
fall semester of 1987, Professor James Kolodzey spent a semester in residence at AT&T Bell
Latoratories, Murray Hill. NJ, working with Dr. Alfred Cho to learn more about MBE processes.
It is expected that the EpiCenter will become fully operational during the summer of 1988. An
official dedication ceremony is being arranged for the fall of 1988.
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